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The Relation between Vauability and Abundance 
shown by the Measurements of the Eggs of 
British Nesting Buds 

By R a Bishtir, F R S 
{Received 9 Mai/ 1930) 

1 Origins of Rksf \ru'ir 

For some years it has appealed to tlie author ot importance to ascertain 
by collocation of direct observations ivhethi'r, in fact, Darwin's generaliza- 
tion that “widely distributed, miich-ditruscd and common sja'cies vary 
most ”, IS well established, and, if so, whether we can form an idea of the 
quantitative lelatioiiship betwieii variability and abundance In a j)a}K»r 
published nuie years ago in collaboiation with Mi K H Ford (1928), 
1 examined the vanabihtv, shown by Mr Ford’s obs< i vations, of thiity-hvo 
species of night-flying moths, mostly Biitish, from which examination it 
appeared that the dithculties iii the way ot compaiing variabilities could 
be overcome at the expense ot some elaboration ot the calculations When 
a satisfactory basis of comparison had been obtained it apiieaii'd that m 
both sexes the group of species classilied in entomological handbooks as 
“abundant ’ or ‘ very common ’ wei< , in tact, on the averagi', some b0"'„ 
more vaiiable than the group ot species classilied as less than common, 
while the grou]) ot species classilied as commem held, m both sexes, an 
intermediate jiosition Within each ot these' thiee groups theiv was a wide- 
range of vauability and 1 should give an altogether false impression it I 
suggested that variability among these thiity-hve species was closely 
associated with abundance, or that, it influent od by abundance, it is not 
also much influenced by otliei causes Ncverthek*ss, the appaient influence 
of abundance was, in tins reseaich, statistically significant, and encouraged 
mo to think that other cases might bo found in winch th<- rt-ality ot the 
phenomenon could be tested and its miincncal inipoitame gauged 

Foi many years the Rev F t! R .lourdain has made and compiled 
measurements of eonsiderablo numbeis of the eggs of british nesting buds 
At the suggt-stion of Mr J uliaii H iixley, I approat hed Mr Join dam , jiroposmg 
at the same time that, in order to ensure the iiroservation of the largo num her 
of individual measurements he had made, 1 could haxe them copied in my 
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department, in a form suitable for permanent preservation in the Archives, 
which the Bntish Museum (Natural History) had established for the recep- 
tion of bodies of original biological measurements Mr Jourdam very kmdly 
let me have his measurement sheets from time to time, and, over a period 
of 6 years, the primary reduction of each set of 200 measurements was 
carried out, species by species It is the result of this undertaking that I 
wish here to put on record 1 desire that it should be understood that I 
myself took no part in the collection or measurement, and could have 
undertaken no part of the work had not Mr Jourdam’s measurements been 
generously placed at my disposal I trust that the original data will 
eventually be made public, by bemg deposited at South Kensington, for 
my own enquiry is not the only one that might be based upon them, and 
it may be that 1 should have done better if, in some respects, I had treated 
the data somewhat differently 

Measurements of eggs have been used solely because they are available, 
and the data have the "particular value that they allow a large number of 
species to be compared, each species being represented by a fairly con- 
siderable sample The relative size of different individuals would certamly 
be better represented by measurements of representative bones, or by the 
total weight of the body In undertakmg the research I felt no assurance 
that the measurements of the eggs did not vary so greatly from causes 
unconnected with the size of the mother as to make them useless as a gauge 
of vanabihty m the different species Had that been the case, I should 
merely have failed to establish any association between variability and 
other factors It was a groimd for hesitatmg to undertake the enquiry, 
not for hesitating to accept any results to which it might lead 

Had the data been collected for the object I had m view, it would have been 
preferable to measure 100 eggs of different clutches, rather than a total of 
100 eggs from a variable number of clutches which were much larger, for 
example, among the game bnds than among the pigeons On trial I find 
that measurements of eggs belonging to the same clutch very generally 
vary less than do eggs from different clutches, so that, had it been necessary 
to try to compare the variabilities of species of different orders, the com- 
parison would have been appreciably more precise if only one egg had come 
from each nest. The available data, however, had not been collected m this 
way, and the varying size of the clutch thus provided only one more reason 
for restricting the comparisons withm groups of related birds. I have not 
thought it necessary to apply the refinement of elimmating the variability 
withm clutches, but have taken the series of 100 measurements available 
as representing each species. The similarity of the measurements of ^gs 
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of the same clutch, while it has been thus a minor teohmoal embarrassment, 
IS satisfactory evidence that measurements of the eggs are, m a real sense, 
indirect measurements of their mothers. 

2 — ^Thb Eqttilibeitjm of Mutation and Sbleotion 

The theoretical reasons for antioipatmg a higher vanabihty associated 
with a numerically larger population are recondite and by no means fully 
understood. They depend on the balance of selective and mutational 
agencies, by which the genetic variability of natural populations must be 
detenmned It is because we cannot easily predict these a priort that direct 
empirical knowledge is of importance In respect of variations conditioned 
environmentally, there is no reason to suppose that these would be greater 
or less m a^dense than in a sparse population. The same is true of that 
fraction of the variability which is caused by deleterious mutations To 
these all species appear to be exposed It is important to note that these 
are the only mutations which can have an appreciable mutation rate. 
Some of them, in Drosophila and maize, have mutation rates of the order 
of one m a million m each generation, and a few are even more frequent 
But no beneficial mutation, even if the benefit it conferred were almost 
infimtesimally slight, can have a mutation rate of this order, else it would 
long ago have established itself throughout the species concerned, and so 
would no longer appear as a mutation We are therefore left to consider 
only "neutral” mutations, together with the beneficial mutations which 
must be exceedingly infrequent In saying this I do not refer to the 
aggregate frequency , for the different kinds of mutations possible may be 
exceedingly numerous Each of these kmds, however, must be so infrequent 
in its occurrence that, in the entire species, each occurs no more frequently, 
perhaps, than once m a thousand generations 

A perfectly neutral mutation is, of course, a mathematical fiction, like 
a perfect equipoise between the weights on the scales of a balance More- 
over it has been shown (Fisher 1930) that to be effectively neutral the 
equipoise between the selective advantages of the contrasted genes mtut 
be almost mcredibly exact. It is difficult, therefore, to claim for this class 
of mutations any real importance ^Its importance for us rests on the fact 
that, like other mathematical fictions, it affords a oonvement basis for 
calculation 

If species of different populations were supplied at the same absolute 
rate with different neutral mutations, each occurring with extreme rarity, 
then calculation shows that the number of factors mamtained m the 
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hentable variance of the species would be nearly proportaonal to the 
loganthm of the population For example, if one appeared m each genera- 
tion, this would ^ enough m a population of a million to mamtain, on the 
average, 30 4 factors segregatmg. While m a population of a billion 
(a milbon milhon) it would be enough to mamtain 68*0 The additional 
segregating factors m the more numerous species would, indeed, add little 
to its observable variance because of the very great mequality of the gene 
ratios with which, in such species, factors can be maintamed They would, 
on the other hand, be available to mcrease the observable vananoe when- 
ever, by change of circumstances, the mutant gene happened to become 
slightly advantageous When this occurs the gene ratio will shift slowly 
towards equality, and the contribution of the factor in question to the 
observable variability of the species will steadily increase, until the rival 
genes are equal in numbers After this it will decrease again as the new 
gene replaces the old Such a course of events must often take thousands 
of generations It appears that only if the more numerous species, through 
Its capacity for keeping a larger number of neutral mutations m store for 
future use, or because of the larger number of mdividuals exposed to the 
chance of very rare advantageous mutations, manages to maintain a larger 
supply of new genes, each gradually spreading throughout the whole 
population, that its observable variance will be larger than that of a species 
of smaller population Hence, although I believe many unknown factors 
may largely affect the variation of different species, any consistent difference 
in variability, observable between more and less populous species, must be 
ascribed to that fraction of the specific variance contnbuted by those 
particular factors by means of which evolutionary progress is now taking 
place It IS for this reason that I believe the attempt to ascertain whether 
such a difference in variability can be measured is worth the very con- 
siderable computational labour which the attempt involves It would be 
too much to claim that we have here a means of measuring the rate of 
evolutionary progress What it does supply is the order of magmtude of 
the contribution to the observable variance, of those genetic factors by 
means of which evolutionary progress is now proceeding 


3 — The Calculation and Adjustment of Vamabiuty 

Table I shows for each of 180 populations of birds the five statistics 
calculated from the measured lengths and breadths of, in nearly all cases, 
100 eggs If X and y stand for the length and breadth of any egg, these five 
statistics are the following • 
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(0 The mean length and mean breadth calculated from the formulae 

y = ls(y), 

where n stands for the number of eggs measured and S for summation over 
the observed values 

(u) The mean squares and product of deviations from the means, namely 
the variance of length 

^S{x-x)*, 
the variance of breadth ^ S(y- y)®, 

and the covariance of length and breadth 

S{a!-i)(y-y) 

The first four of these statistics are always positive, but the covariance, 
though in fact it is generally positive, may be of either sign For example, 
among the thirteen gulls in the list, the covariance is positive m all cases 
save the Arctic skua {Stercorartua paraatttciia) for which it has a small 
negative value 

An examination of any group such as the gulls displays the first difficulty 
encountered in making any valid comparison of variability The smallest 
bird of the group, the lesser tern (Sterna cdbifrona) has a variance in length 
]U8t under 2 mm *, and in breadth a little more than 0 6 mm *, while the 
largest of the group, the greater black backed gull Larus marxrms) gives 
7 4 mm * for length and 2 0 mm ® for breadth Both values are nearly 
four times as great as those for the smaller bird Obviously, m both cases 
the variance is much greater chiefly because the eggs are much larger The 
mean length for the black backed gull 77 mm , is considerably more than 
twice that for the lesser tern, 33 mm , while the breadth also is greater in 
nearly the same proportion It is clear that no valid comparison of varia 
bilities can be made unless a metho4 w found of making allowance for the 
average length and breadth observed in each species Owing to the wide 
range in size in almost all the groups, these allowances will have to be 
considerable m magmtude, and the vabdity of the comparisons to be made 
must depend entirely on this process having been properly earned out, 
both as to principle and as to accuracy 
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One obvious method of adjustment would be to divide each vanance 
by the square of the corresponding mean, or in other words, to use the 
so called coefficient of variation, or its square, the relative vanance, as a 
basis for companson The objection I feel to any procedure of this kmd is 
that it IB arbitrary, that is to say that it depends on the choice of the 
investigator If his choice be wrong he will make too great or too small 
an allowance for the size of the egg, and, m consequence, will make the 
smaller birds of each group appear more or less vanable than they ought 
in comparison with the larger birds For a companson with abundance 
any such error would be fatal Abundance is not likely to be mdependent 
of the size of the bird In fact, in many groups the smaller species must be 
considerably more numerous m individuals than the larger species We 
should thus, by making any such arbitrary choice, be liable to enhance or 
to diminish the effect we are seeking to detect, largely, and by an unknown 
amount 

The only adequate solution, as it seems to me is to eliminate entirely 
any portion of the association between variability and abundance that may 
be due to the association of both these variables with the average length 
and average breadth of the eggs It may be that, if some absolutely correct 
method of allowance for size could be imagined, large eggs would be found 
to be more or less vanable than small eggs of related species If so, this 
fact would, I hold, only be relevant to our enquiry as a disturbing factor, 
which we should wish to elimmate in studying whether, apart from size, 
vanability is associated with abundance 

If this point of view is correct the allowance we must make for the 
average length and breadth of the eggs of each species must be that provided 
by the data themselves in such a way that, after allowance has been made, 
neither the larger nor the smaller birds of each group are on the whole the 
more variable I have, therefore, first replaced the means and variances 
by their common logarithms, and then calculated, from the sums of squares 
and products withm groups the actual regressions of the logarithm of 
vanance in length, the logarithm of variance in breadth, regarded as two 
dependent variates, on the loganthm of the mean length, and the loganthm 
of the mean breadth, as mdependent vanates If L and B stand for the 
logarithms of the mean lengths and breadths, and u and v stand for the 
loganthms of the variances of length and breadth, the allowances so found 
empirically firom the data provided by 137 mdependent compansons withm 
groups are 

C7 =. 4 327260^- 1 9O022OB, 

F = - 0 23616qL + 2 320619B 
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where U, V may be regarded as corrections to be subtracted from u, v 
m order to render them comparable The exact procedure is shown m the 
Appendix on the Analysis of Covariance These allowances differ greatly 
from what would have been used had the coefficient of vanation been 
adopted This would have been equivalent to usmg the formulae 

U^2L + 0£, 

‘ V = 0L + 2B, 

and the comparison shows that the facts of nature are very different from 
those supposed m these last equations An morease of size without change 
of shape would entail an equal morease in L and B In the theoretical 
formulae this produces an increase twice as great both m U and V In 
fact it IS followed, as the two formulae show, by a relative increase of 
2 418 + 0 177 m C/ and 2 084 m V Both values show a higher allowance 
than that supphed by the coefficient of vanation, though in the second 
case the deviation is not statistically significant A change m size, even 
without change m shape would not be adequately represented by the 
coefficient of variation 

The agreement is still more unsatisfactory if we consider a change in 
shape without chamge of volume, such as would be produced by decreasmg 
B by one umt, and increasmg L by two The theoretical change m is 
then 4 But the observed coefficient is 10 644, with a standard error 3 638 
For V the deviation is less, but in the opposite direction, for instead of -2 
we obtam — 2 793, with a standard error 4 209 The difference F — C7 is 
increased by 13 367, with a standard error 2 946, whereas the theoretical 
increase is only 6 It appears therefore that, with morease of size withm 
groups of related birds, vanability in length at least moreases more rapidly 
than if the coefficient of variation were constant, and that with change of 
shape, e g broademng and corresponding shortenmg the relative vana- 
bihty of breadth to that of length increases still more rapidly 

The method of adjustment adopted has been designed for use m ooin^ 
pansons withm groups, and has been obtained from the mean squares and 
products withm these groups only, ignoring all differences from one group 
to another The corrected values may not be thought therefore, ideal for 
making comparisons of group with group yet it is not without mterest to 
see how the averages of the adjusted vanances of the different groups 
compare with one another In making these and other comparisons it Will 
be convement to multiply the numerical values of u—U and v — V by 100 
to obtam a more convement umt of companson Since common logarithms 
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to the base 10 were used, this new unit is equivalent to a difference of 
2-8026% (log, 10). 

The average values for adjusted vananoes in length and breadth are 
shown simultaneously m fig. 1. Famihes or subfamilies of passerme birds 
are marked with a cross, the non-passenne orders being shown by circles 
The number of species averaged in each group is indicated 



Fig. 1 — Mean corrected vanance for length shown from left to right, and for breadth 
upwards Non-passenne groups are shown by cuxiles, and passerme groups by 
crosses. The numbers mdioate the number of species averaged m each group. The 
positions of the smaller groups have little accuracy. Each unit represents 2 3026 % 

One very obvious fact brought out by this diagram is the generally 
greater vanabihty of the passerme species. If we judge by the variance 
figure for length, only the two luks, the least variable of the passerme 
groups, faU among the non-passerine orders, while among these the picanan 
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birds stuid out as exceptionally variable For the latter I have shown the 
average of seven species, excluding the cuckoo, which, if it had been in 
eluded, would have further raised the average m both respects The 
comparison is, probably, to some extent influenced by size, though it 
should be noted that the tits and the wren are among the least variable 
of the passenne birds It seems not unreasonable to suggest that the 
difference m vanabihty is connected with more recent evolutionary modifi 
cation among the passenne groups 


4 — Comparisons within Groups 

The purpose of the adjustments to which the variances have been sub 
jeoted has been to render them comparable withm groups, and in these 
to make comparisons between species believed to be more and those 
beheved to be less numerous To obtam estimates of relative abundance 
which should be entuely uninfluenced by the vanabihty figures with which 
they were to be compared, I have had recourse to Mr Alexander who has 
had much expenence m the estimation of bird numbers, and m consultation 
with colleagues in this country and abroad has subdivided all the groups 
I submitted to him mto two, three or four classes, representmg abundance 
in the world population, so iar as it can be estimated In spite of the great 
care which has been given to this classification, 1 cannot hope that m every 
case the species have been arranged m the best order, still less that large 
differences m real abundance have not, m some cases, passed unrecognized 
All that I can claim is to have used the best mdications of abundance 
available and that, where species have been assigned to the wrong abun 
dance classes, this had been done without knowledge of the figures for 
vanabihty Misolassification might, therefore, dimmish the apparent 
contrast m vanabihty between more and less abundant species Indeed, 
if misolassification is frequent it must have led to a serious under estimate 
of this contrast It could not, however, possibly have produced any 
consistent difference m the average vanabihties of the species judge4 to 
be more or less abundant 

Table II gives the groups cleasified m only two abundance classes These 
are the five guiUemote and two divws among non passenne buds, two larks, 
two flycatchers, six wagtails and pipits, and three martins among passerme 
birds Of these twenty species, ten fall mto the class judged to be rarer and 
ten mto the class judged to be commoner than other members of theu group 

The table shows for each species deviations from the mean values for 
each group, of the adjusted vananoes m length and breadth The average 
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Table II— Comparison of Dbyiations prom Groop Means of Adjitsted 
Variabilities in Length and Breadth of Egg, for Groups Divisible 
IN Two Abundance Classes 
Variability in Variability m 


Rarer length Breadth Commoner Length Breadth 

Aloae 


Razorbill 

9 28 

7 76 

Southern guillemot 

6 86 

8 03 

Black guillemot 

-2 76 

-10 89 

Northern guillemot 

-12 33 

9 68 

2 Aloae 

668 

- 294 

Puffin 

8 Aloae 

-0 06 

- 652 

-14 60 
292 

Alandidaa 

1 Wood lark 

-145 

-1082 

1 Skylark 

145 

1082 

MnsoioapidBe 

1 Pied flycatcher 

-248 

945 

1 Spotted flycatcher 

249 

- 945 

Hotadllidae 

Grey wagtail 

2 62 

1 06 

Meadow pipit 

-20 01 

-0 04 

Water pipit 

-024 

20 66 

White wagtail 

0 06 

10 66 

Tree pipit 

-1 64 

-23 29 

Yellow wagtail 

11 20 

0 06 

8 Motacillidae 

064 

-168 

8 Hotamlhdae 

- 066 

167 


House martin 

-9 88 

6 20 

Swallow 

0 04 

10 46 

Sand martm 

2 Martine 

0 62 

-906 

-16 64 
-1044 

1 Swallow 

904 

1046 

Oolymbidae 

1 Black throated di vi r 

-190 

411 

1 Red throated diver 

189 

- 410 







10 Totals 

-7 72 

-12 22 

10 

+ 7 70 

+ 12 22 

Means 

-0 772 

- 1222 


+ 0 770 

+ 1222 


for the ten commoner species exceeds that for the ten rarer species by 
1 642 in length and by 2 444 m breadth These differences correspond to 
average differences of about 3 0 and 6 6 % m the vananoes The differences 
are small, but both are m the direction mdioated by Darwm s law If only 
these twenty species were available, the law would only be supported it 
could not be said to be demonstrated by the data 
Table III gives the groups for which three abundance classes are available 
These are the woodpeckers, owls, doves cormorants plovers game birds, 
rails, grebes, and petrels, together with the tits, buntings, and finches Out 
of seventy three species, twenty are placed m the rarest of three classes, 
thirty two m the middle class and twenty one among the commonest 
The rarest class shows a vanabiUty less than the average in both length 
and breadth The same is true to a less extent of the middle class, while the 
commonest class is above the average m both respects In length the 
average value of the commonest class exceeds that for the rarest class by 
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i'ork tailed petrel 



Vunabihty and Abundance, of Eggs of Bnttsh B%rds 19 

4 613, ootTeaponding to an average difference m variance of 10 6% In 
breadth the difference 18 14 063, corresponding to 32 4 % Taking the average 
of the figures for length and breadth, the mean values for the three classes 
are — 3 946, — 1 072 and 6 392 The difference between the common birds 
and the middle class is thus more than twice the difference between the 
middle class and the rarer birds Owmg to the considerable number of 
species m this classification the totals and averages seem to possess some 
regulanty 

There are sixty eight species in the groups classified into four classes, 
namely the ducks, hawks, and gulls, together with the crows, thrushes, 
and warblers Of these only eleven fell in the rarest class, sixteen m the 
next, twenty two m the next and nineteen m the most common For 
variation m length and breadth together the average values from the totals 
shown m Table IV are —0 900, -2 760, —2 104 and +5 272 As eleven 
species are rather a small number for a class, the two least numerous classes 
may be thrown together with an average of — 1 996 This differs from the 
value for the most abundant class by 7 268, or 16 7 % In the ordois 
divisible mto three abundance classes the average difference was 21 6% 
It would seem at the least that differences in population size only apart 
from the many other factors at work, must account for difference of vana 
bdity of the order of 20 % 

As m the case of the division into three classes, the greatest contrast 
appears between the most abundant species and the next class, while 
among the rarer species differences in abundance are httle associated with 
differences m variability In our previous work with moths a similar 
phenomenon appears The ten abundant species are more variable than 
the twelve ‘ common species by 42 %, while the twelve common species 
exceed thirteen species classed as less than common by little more than 
14% The phenomenon may, therefore, be a real one If so, it mdicates a 
very important conclusion, namely that rapid evolutionary progress is 
somewhat strictly confined to a small mmonty of very abundant species 
from which evolutionary radiation may later take place 

It IS, however, at present possible that this mequality m the mcrease ut 
vanabihty as we pass from the less to the more abundant species is due 
to the defects of our knowledge It is possible that the rarer species, though 
seldom taken to be very abundant, are more liable to be misclassified as 
to order of abundance among themselves buch misclassification would 
greatly dimmis h the apparent mcrease m variabihty with mcreasmg popu 
lation It IB not impossible, likewise even if relative abundance were well 
determmed among the rarer species, that their order of abundance is less 
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stable with the passage of time than is that of the really dominant species 
For proportionate changes m numbers among the rarer species must be 
followed by far less important reactions on the ecological balance, than 
when dommant species are concerned It would, for these reasons, be 
premature at present to assume that the association of genetic vanabihty 
with abundance is so strongly confined to the more abundant species as 
would at first appear 

It has been essential, in order to demonstrate objectively the mcrease 
of vanabihty with mcreasing population, that the vanabihty should be 
unknown when the order of abundance withm each group was assigned, and 
when the groupmg was determmed One alteration has been made later, 
namely the separation of the grebes from the divers, which Mr Alexander 
advised me should not be regarded as of the same natural order This 
change diminishes the apparent effect, smce the grebes are, on the whole, 
the more variable as well as the more numerous of the two groups Once, 
however, the general effect has been demonstrated, it is permissible to 
consider what factors may have contributed to the more stnkmg exceptions 
to the general rule One such cause which should be noted as probably 
effective is change of population during the human penod, for it is difficult 
to conceive theoretically that the variability should change much m 
response to change of population m a penod so short as 10,000 generations 
Any changes, therefore, m the relative frequencies of different species of 
the same groups, consequent upon the occupation and cultivation of land 
by men, may have produced comparatively large deviations from the 
general tendency 

Among rare species, showmg relatively large vanation, the most pro 
mment is the graylag goose and the sea eagle These seem, not improb 
ably, birds which may have been relatively more abundant in the distant 
past Without these two buds the least abundant class would be much the 
least variable On the other side, almost the largest discrepancy among 
common buds is the house sparrow which is less vanable than the average of 
the finches, and must certamly have mcreased greatly m population with the 
mcrease in human buildings The only other deviation so large among the 
common buds is the mesidow pipit, but I do not know that this bud has been 
favoured by cultivation in comparison with the other pipits and wagtails 

With respect to classification, I have tried to restrict the comparisons 
m the tables of vanability to buds which are really closely related Of 
the picanan buds I have only used the woodpeckers and wryneck, smce 
the kmgfisher, swift, and mghtjar seem to be insufficiently comparable 
with them, and the cuckoo must also certamly be excluded 
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6 — Sttmmaby 

Primary statigtics and adjusted measures of vanabihty are given for the 
length and breadth of eggs of 180 populations of British nestmg birds 
CJompansons withm natural taxonomic groups show that the more 
abundant species are generally more variable than the less abundant 
species, m accordance with Darwin’s generalization 

The magnitude of the differences observable in the egg measurements 
of Bntish birds is about 20 % 

The excess vanabihty appears to be strongly concentrated among the 
few most numerous species of each group, suggestmg that evolutionary 
progress is much more rapid among these than among other species This 
important indication may, however, be due to our comparative ignorance 
of the real relative numbers of the populations of the less numerous species 

6 — Appendix on the Analysis of Covariance 

The 161 species available for comparison within groups fall mto twenty 
four groups, and leave therefore, 137 degrees of freedom for each of the 
four variates The two mdependent variates L and B stand for the loganthms 
of the mean length and mean breadth for each species The sums of squares 
of these withm groups, together with their sum of products, supply the 
Information Matrix for the regressions, the elements of which are the 
coefficients of the equations of estimation by which the regressions are 
obtamed 

S{L - Z)* = 0 9322847, S{L -L)(B-S) = 0 8646602, 

S(L-L)(B-S) = 0 8646602, S(B-S)^ = 0 7961181 

Invertmg this matrix we have the Multipher Matrix 
Cii 67 67226 c„- 72 64029, 

Cijj- 72 64029, Ca 79 12968 

If u and V stand for the two dependent variates, the logarithms of the 
variances of the lengths and breadths, the regressions of u on i/ and B 
will be given by 

c^^S(L - X) (tt - M) + c,,S(B -S){u- u) 
and Cii8{L-L){u-u)+Cj^S{B-S){u-u) 

respectively , while those of v on the same pair of independent vanates will 
be given by 

iS(X - X) (V - u) + c„S(B -B){v-v) 

Ci,S(L -l){v- v) +CaS{B- S) {V - V) 


and 
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rhe sums of products of « with L and B within groups are 
2 4026188 and 2 1783263 

giving the regressions 

+ 4 327266 and -1 909220 


The sums of products of ? with L and B within groups are 
2 2034949 and 2 0493293 

giving the regressions 

-0 236169 and +2 320619 


The sum of squares of u withm groups accounted for by variation of 
L and B is found by multiplying the regressions by the corresponding sums 
of products and addmg The same method gives the sum of squares of v 
and the sum of products of u and v we have therefore the following analysis 
of variance 

Degrees 

of 

freedom «* v,v v* 


Regression 

Remamder 

Total within groups 


2 6 237411 

135 2 64 2530 

137 8 879940 


4 487063 4 235315 

2 27 4683 3 73903 8 

6 762346 7 974364 


The mean squares and mean product from this table are 


0 0196743 0 0168496 

0 0168495 0 0276966 


which it 18 convement to refer to as the matrix of residual covariance 
It appears that whereas before correction the variance m length is more 
variable than that in breadth after correction the reverse is true More 
over after full allowance has been made for the mean length and breadth 
the vanabihty of length and breadth is still highly correlated showing 
that species more variable m egg length are also generally more variable 
m egg breadth hor 100 eggs measured samplmg error will give to the 
logarithms (to the base 10) of the vanances in length and breadth the 
samphng variance 


2 

100(logl0)» 


0 003772 


while the contnbution to the samphng covanance will be smaller by reason 
of a factor p* the square of the correlation coefficient between the lengths 
and breadths of individual eggs a factor which seldom exceeds 0 2 Even 
m the case of « therefore the samphng error accounts for only about one 
fifth of the vanance observed this is however a sufficiently large proportion 
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to show that any much smaller number of eggs might have been insufficient 
to display the real differences m vanabihty 

The standard errors of the regression coefficients and ot any Imear 
compounds of them are derived from the multiplier matrix and the matrix 
of residual covariance Thus the samphng variance of the regression of 
u on L 4t 327 is 

0 0196743c,, = 1 3227 

giving a standard error 1 160 so that the regression is on the verge of being 
sigmficantly greater than 2 

For the sum of the regressions of u on L and £ 2 418 we use instead of 
c,, the factor c,, + 2c,j + C 22 = 1 62136 and obtain the standard error 0 1781 
The significance of the small excess 0 418 is thus higher than that of the 
large excess 2 327 in the single regression Equally for change of shape 
without change of volume we need the difference between twice the 
regression on L and the regression on B for which the appropriate factor 
IS 4c,, - 4 c, 2 + c,j or 639 57984 We may thus combine the independent 
variates in any way we please 

Combination of the dependent vanates is carried out by means of the 
residual covariance matrix rims to test the significance of the sum of the 
regressions of u and v we should use the residual variance of u + v 
0 0195743 + 2( 01 68495) + 0 0276966 = 0 0809699 
while for the difference we have the higher precision represented by the 
residual variance of m — u 

0 0195743 - 2( 0168496) + 0 0276966 = 0 0136719 
Thus whereas the sum of the regressions ofMis2418±01781 so that 
the excess over the value 2 0 is significant the regressions ot v amount 
only to 2 084 with about the same precision which is certamly not a 
significant excess Addmg the two together we have 4 602 + 0 3623 where 
the standard error is derived from the samphng variance 
0 0809699 X 1 62135 

The regressions of v though together exceedmg 2 0 do not do so sufficiently 
to increase the significance of the discrepancy 

With regard to change of shape without change of volume we shall need 
twice the regression on L less the regression on B For u this is 10 664 + 3 638 
where the samphng variance is 

0 0196743 X 639 67984 

so that the value for u does not significantly exceed 4 For w smiilarly we 
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have - 2 793 ± 4 209 showing a quite insignificant difference from the 
value - 2 Usmg the difference u-vvre have consequently 13 367 1 2 946, 
since the samplmg variance is 

0 0136719x639 67984 

The excess over 6 being 7 367 is thus considerably greater than twice 
the standard error and is clearly significant 
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The Transmission of Light and Total Radiation 
by Leaves 

By W R G Atkins So D F R S 
[Received 6 November 1936) 

In the course of work upon the colour composition of light in woods 
(Atkms and Poole 193 1 Atkins Poole and Stanbury i937)it became evident 
that when the daybght factor (viz the percentage of the external diffuse 
illummation) was low there was always a marked difference between the 
spectral composition of the light in the wood and that of its source This 
IS obviously due to the fact that the proportion of the light transmitted 
by the leaves or reflected from leaves and branches is greater when the 
daylight factor is low It became of interest therefore to measure the 
transmission of leaves 

Such detemunations might be earned out photographically with a 
spectrum projector or similarly using a thermopile to record the trans 
mission Alternatively a spectrophotometer might be used It seemed 
simplest however to make the detemunations photoelectncally in the 
open using the cells bght filters and thermopile already used for measurmg 
the bght and energy in and around the woods 
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For measunng the currents portable tmcroammeters of low resistance 
gave adequate sensitivity but with heavily absorbing light filters an 
instrument with the On wood type of suspension and having 312 
resistance was used 

For determinations throughout the visible spectrum the selenium rectifier 
cell served well the readings bemg corrected for the curvature of its illu 
mination current relation Its sensitivity is low however m the extreme 
red and it has but little infra red sensitivity Iho red sensitive type X cell 
of the Oxford Instrument Co was accordingly used for this region and the 
Moll solanmeter was used for total energy below the region cut off by 
glass 

The light filters were of Jena glass 2 mm thick but for green a 4 mm 
Coming glass was used in order to reduce the red transmission to a neg 
ligible amount 

Transmissions were always measured for diffuse light namely with the 
leaf under the opal diffusing surface This was done so that the angular 
distribution of the incident light should always be the same since it is 
vanable in the open When the Moll solanmeter was used the leaves had 
to be spread over th< glass hemisphencal cover so sunlight would be 
incident more or less normally 

It was desirable to use largo leaves so as to cover the cell apertures and 
the solanmeter both on account of the size of their leaves and because 
these have so often been used in physiological work Syrtnya vulgaris was 
selected as a tree and Tropaeolum major as a herb Leaves of the latter 
were about 0 13 mm thick when from a light green variety and about 
0 18 mm thick when from a much darker green variety The Synnga 
leaves were 0 12 0 16 mm thick The leaves were placed with their upper 
surface upwards but for Tropaeolum at least the position was proved to 
make but Uttle difference with leaves having a markedly glossy upper 
surface the difference would probably be considerable 

The table shows how very different is the absorption m vanous spectral 
regions In general the Synnga leaf transmits about the same amount as 
does the darker Tropaeolum leaf but the lighter leaf transmits about twice 
as much in the short wave region 

In spite of the fact that a leaf looks green when held up against the hght 
we see that it transmits only 4-10% of the green Taking the entire red 
it transmits 7-13% but the relatively greater sensitivity of the eye for 
green causes us to see the leaf as green the blue transmission being neg 
hgible The deep red however is relatively freely transmitted and the 
total energy transmission is somewhat similar since the red and the infra 
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red constitute such a large proportion of the total It may aooordmgly be 
seen that the richness of forest light m red is due to its high transmission 
by the leaves, since chlorophyll transmits freely in this region The figures 
obtained for total energy transmission, 38 % m each case, are close to the 
value 36 %, found by Brown and Escombe (1905) for the leaf of Polygonum 
Weyrtchtt The determinations m the other spectral regions are m general 

Table 

0-9 August 1936 Percentage transmission of leaves as found using selenium cell, 
S, or type X cell Conditions clear blue sky cloudless, no direct sunlight Using a 
Moll solaruneter m bright sunhght and skylight the lighter green Tropeteolum leaf 
transmitted 38 6 % and thi Synnqa leaf 38 2 % of the energy from the whole 
spectrum, which was about 70 mW/sq cm 

Tropaeolum 


istrumont and hltor 

Range ui in/i 

Darker 

Lighter 

Synnga 

S, opal always 

320 800* 

39 

96 

47 

S, BQ 12 

360-600t 

0 1 

06 

0 2 

S Coming green 

460 600j 

38 

10 4 

60 

S GG3 

410 + 

47 

98 

49 

S GO 11 

600 + 

63 

13 3 

6 7 

& OG2 

660 + 

70 

16 9 

7 1 

S, KG 1 

600 + 

69 

12 7 

69 

8 RG2 

630 + 

72 

13 6 

6 8 

S, RG 6 

676 + 

14 3 

18 0 

13 7 

S RO 8 

700 + 

38 8 

440 

34 8 

X, RG 7 

860 + 

— 

56 0| 

— 

* Maximum 

sensitivity at 

696 mp. 



f Maximum 

transmission < 

it 430 tnp 




j Maximum transmission at 630 mp 
§ Tiansmitted 67 8% m bright sunlight and skylight 

agreement with the more extensive measurements of Seybold (1932), 
effected by means of a Linke thermopile with which I have smee become 
acquainted A more detailed study by the photoelectric method would be 
possible were a second cell to be used to measure the variation m the sky 
illumination from imnute to minute, so that all readings with filters could 
bo reduced to a definite intensity, with this knowledge the transmission 
of fairly narrow spectral bands could be detenmned by means of the GG, 
OG and RG series of filters, which have sharp spectral limits 

I am indebted to the Government Grant Committee of the Royal Society 
for defraying the cost of all the instruments used 
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Summary 

Leaves of Tropaeolum major and Syringa vulgaris were found to transmit 
38% of the energy from mixed sunlight and skylight and Tropaeolum 
transmitted 66-68 % of the near mfra red 

Transmission m the visible region beyond "OOm/i was found to be as 
high as 36-44% though only 4-10% in the green and less than 0 5% m 
the blue These figures show why the spectral composition of the light in 
woods is 80 rich in red when determined at sites having a low dayhght 
factor 
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Molecular Interaction m Monolayers 
1— Complexes between large Molecules 

By J H &CHULMAN AND L K Rideai h R & 

Laboratory of Colloid Science Cambridge 

[Received 14 October 1936) 

In previous communications (Rideal et al 1933 1935) from this laboratory 
it has been shown that the course of chemical reactions proceeding m 
monomolecular films or monolayers at an liquid interfaces can be followed 
by means of observation of the changes m phase boundary potential and 
surface pressure or tension It seemed possible that a further advance m 
the elucidation of the complex mechanism of lytic sensitizmg agglutmatmg 
and immumty reactions might be made by a closer study of the behaviour 
and interaction of a number of biologically active substances in the form 
of monolayers especially as it appears that several of these biological 
processes take place under conditions similar to those existing in the films 
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It IS found that if an extremely dilute solution of a suitable molecular 
species be mjected under a monolayer of another under the correct mter 
acting conditions a phenomenon which we may term film penetration is 
observed The chief charactenstics of film penetration are an immediate 
large nee m surface pressure of the film a decrease or morease of the surface 
potential accordmg to the magnitude of the dipole moments of the pene 
tratmg polar group compared to that of the film formmg molecule and 
the strong stabihty of the resultant new film It appears that the process 
of penetration is completed when a mixed film consistmg of equimolecular 
proportions of the original film material and the penetratmg substance is 
formed The final value of the phase boundary potential is found to 
correspond exactly with that shown by the eqmmolecular mixed film spread 
on the surface and compressed to maximum pressures 

Closer investigation reveals the fact that the process of film penetration 
and the formation of the equimolecular mixed film is due to the mutual 
mteraction of the two molecular species resultmg in the formation of 
complexes Some strongly mteractmg molecules form complexes which are 
sufficiently stable to persist m bulk phase and mixed films composed of 
the same molecules made by mixture or by penetration are characterized 
by a remarkable stabihty much greater than that possessed by films of 
either of the constituents alone Smce many natural membranes probably 
consist of mixed monolayers of orientated molecules this observation 
might throw some hght on their mechamcal stabihty 

It was found that where strong complex formation between two sub 
stances could be identified by the film technique of penetration this was 
reflected in their behaviour in bulk to form new compounds Likewise 
where complex formation was known to exist m bulk these systems were 
found to exhibit excellent film mteractions 
On the whole a remarkable specificity between complexes is shown by 
these methods A gradmg of the extent of mteraction between molecules 
IS recwiily achieved by observation of the film penetration and the stabihty 
of the mixed films but estimation of the extent of interaction for bulk 
complexes is much more difiicult The inhibition or sometimes acceleration 
of haemolysis by lytic substances after complex formation can be used for 
the extent of interaction whilst prevention of the formation of precipitates 
of insoluble heavy metal salts and the dispersion of the components to form 
soluble complexes provide other methods 

The factors govemmg film penetration are found to be identical with 
those govemmg complex formation m mixed monolayers and it is possible 
to analyse the mechamsm of film penetration m detail 
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In the first place the original monolayers may be regarded as bemg 
constituted of molecules possessing a hydrophobic portion or “tail and 
a hydrophihc “head ’ or polar group immersed m the substrate The 
substance mjeoted underneath the film may likewise be regarded as made 
up of a hydrophobic tail and a polar hydrophilic head 

The first condition for penetration is that there shall be some mutual 
mteraotion between the polar heads of the two molecular species, thus 
orgamc acids injected under a film of a long cfaam acid will not affect the 
phase boundary potential or the properties of the film, but the mjection 
of orgamc acids is accompamed by marked changes in the characteristics 
of a film of cetyl alcohol when mjected under the latter The results of a 
number of experiments of this type lead to the conclusion that the primary 
act m the process of penetration is the anchoring of the mjected molecules 
by a suitable polar group to a polar group of the film formmg material 
which 18 immersed m the water The extent of this mteraction between the 
head groups forming the complexes in the mixed film depends on the nature 
of the mteracting polar groups 

A number of substances, which we may conclude from the change in 
phase boundary potential on mjection do actually anchor themselves m 
this way, are found not to exhibit any subsequent penetration of the film 
and do not increase the surface pressure of the film, thus galhc acid and 
tanmo acid are adsorbed beneath monolayers of proteins but do not pene- 
trate them 1 hese reactions present several jioints of mterest which we shall 
have occasion to refer to later 

It is found that the second condition for penetration is that there shall 
be a hydrophobic tail to the penetrating molecule which adheres or mteracts 
by van der Waals forces with the hydrophobic tail of the film formmg 
material Thus, whilst short cham acids (e g pelargomc acid) penetrate a 
film of cetyl alcohol but slowly, myristio acid penetrates with great rapidity 
Variations m the nature of either the polar groups or of the hydrophobic 
portions (e g by the msertion qf a double bond) of either the film forming 
or film penetratmg material or small alterations caused by change m 
environment (e g pH or salt concentrations) frequently exert such a 
remarkable influence both on the stability of the mixed film and on the 
ease and extent of penetration as to give the impression of the complex 
possessmg almost specific properties This sensitivity goes hand in hand 
with the breakdown of the complexes which these substances form m 
solution 

A “ complex ’’ is an association product between at least two substances, 
having chemical charactenstios different from those of either of the com- 
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ponents alone, but which usually separates into its original components 
on crystallization from solution 

Some complexes (eg digitonin cholesterol) crystallize from solution 
without dissociation but are very labile, for mstance, the digitomn- 
choleeterol complex crystalhzes as such from alcohol but will dissociate if 
heated m solution (Wmdaus 1909) 

The vertical component of the apparent molecular electno dipole moment 
IS as given m the Helmholtz equation 

AV = 47rn/i 

in, 18 the summation of a number of factors due to the insertion of a dipole 
mto the surface of an aqueous solution This has already been described 
by Schulman and Rideal (1931) and Schulman and Hughes (1932) 

Experimental 

The materials to be examined in the form of monolayers were dispersed 
on the surface of suitable substrates in a Langmuir trough, the phase- 
boundary potentials measured by the method described by Schulman and 
Rideal Since changes in surface pressure of the films were to be investigated, 
two rmgs attached to two chainomatic balances were placed on either side 
of a central bamer across the Langmuu trough A solution of the reacting 
substance of the order of 10-* % is mjected and mixed into the underlymg 
solution and its action on the two films on either side of the bamer takes 
place under identical conditions, and thus a strict comparison can be 
obtamed The surface pressures were measured by the method of Cary and 
Rideal (1925) m that the nng was brought to a certam height just above 
the bqmd without brealong the surface, any difference m height being 
optically magnified with the help of a small mirror attached to the arm of 
the chainomatic balance 

Should the nng break the surface, some few mmutes must elapse before 
conditions return to normal In some case^ changes of surface pressure of 
some 60 dynes/cm take place in less than 2 min and it was found advisable 
to make a prehmmary adjustment of the chainomatic balance before the 
reaction commenced The dimensions of the chains and rings were so chosen 
that 1 cm of movement of the chain was equivalent to 1 dyne/cm change 
in surface tension Both platinum and copper nngs were employed and 
calibration was earned out with films of known surface pressure with water 
and by weighmg 

Apart from the films of oleyl alcohol, lecithm, and the proteins, the 
substances described m this commumcation were found to form condensed 
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films The state of compression was found to make but httle difference to 
the penetration, except when the latter was weak Under these circum- 
stances it was found possible to prevent penetration by suitable mcrease 
m the surface pressure A pressure of 10-12 dynes/cm was usually chosen 
if the film could be compressed to that value without collapse This value 
of 12 dynes was approximately the surface tension lowering of the free 
surface of the aqueous solution, due to the mjection of the cetyl sulphate 
or saponm mto the underlying solution at the descnbed concentrations 
(figs 1 and 2) The substrate consisted generally of M/26 potassium 
hydrogen phosphate buffer of pH 7 2, made up accordmg to the directions 
of Clark and Lubs 

It 18 interesting to note that the phenomenon of penetration is not 
materially affected by the initial or final physical state of the monolayer, 
thus a film of ergosterol originally a solid becomes liqmd on injection of 
either saponm or sodium cetyl sulphate mto the substrate, whilst a liquid 
film of cholesterol becomes sohd on injection of saponin or digitonm These 
changes in characteristics are exemplified m Table I 


Table 1 


Substance 

Substrate 

State 

Substrate 

State 

Sphingomyelin 

baponin 

Liquid (no 
change ) 

Sodimii cetyl 
sulphate 

Liquid sohd 

Cholesterol 

” 

Liquid solid 


Liquid (no 
change) 

Ergosterol 


Solid liqmd 


Solid liqmd 

Calciferol 


Liqmd (no 
change) 

” 

Liquid (no 
change) 

Oleyl alcohol 


Liquid (no 
change) 


Liquid (no 
change) 

Cholesterol acetate 


Liquid (no 
change) 


Solid liquid 

Cetyl alcohol 


Liqmd (no 
change) 


Liquid solid 

Cetyl phenol 


Liquid (no 
change) 


Solid liquid 

Lecitlun 


Liquid (no 
change) 


Liquid (no 
change) 


It has been shown m a previous communication (Schulman and Hughes 
i93S) that the characteristics of mixed films are dependent on the extent 
of dipole and van der Waals mteraction, the association of two molecules 
bemg graded m their ability to form stable mixed films If the association 
be weak, one component is squees^ out of the surface on compression of 
the mixed film, with a strong interaction the mixed film possesses charac- 


Vol CXXII— B 



J. H. Schulman and E K. Rideal 


tenstioe entirely different to either of the two components alone With weak 
association the mixed films show no dipole mteraction, the resultant surface 
potential being the mean of the two dipoles according to their number 
Whereas, when association is shown, the resultant surface potential reveals 
a mutual mteraction of the dipoles of the film formmg molecules 

As an example of weak association the behaviour of oleic acid and cetyl 
alcohol at pH 2 is given On compression of an equimoleoular mixed film 
oleic acid is compressed out of the surface and the residual film consists 
ultimately of the pure alcohol No dipole mteraction is observed 

As an example of stronger association the ionized acid at pH 7 4 may be 
cited Here the vertical component of the moment of the — COO ion is 
much smaller (i e 0 1 Debyes) than that of the alcohol (0 21 Debyes) and 
mteraction m the mixed film is observed both by the formation of a new 
stable mixed film and by the surface potential which reveals deformation of 
the dipoles Here the skssumption has been made that the dipole moment of 
one of the components has not altered although the molecule is now at 
areas which on its own as a film it cannot exist This assumption is supported 
by the fact that where no association takes place the dipole moment 
remams the same although the molecule is now at areas to which it cannot 
be compressed or expanded on its own 

Surface potential 

pH 7 4 Obs c3o 

At area 25 A* 200 230 

20 A* 230 292 

Another example of weak association is tnolem and cetyl alcohol At the 
highest compression where the two components can exist together before 
the alcohol ejects the ester from the surface no distortion of the dipoles 
is noticed 

Surface potential 

At 1/3 ratio pH 2 0 Obs Calo 

At 40 A> 383 382 

With tnpalmitin and oleic acid some weak association is observed at 
pH 7 4 

At 1/3 ratio Obs Calo 

At 32 2 A> 340 380 

60 A> 230 246 

At 1/1 ratio 

At 36 2 A< 460 672 
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With sphingosme and cetyl alcohol where strong interaction is noticed the 
following distortion of the dipoles is noticed 


pH. 7 4 Obs Oalo 

26 A« 400 422 

20 A* 470 618 

pH 2 0 

20 A> 496 638 

28 6 A‘ 400 376 


We note that the extent of compression of the films influences the extent 
of dipole mteraction 

These figures were taken from the experiments described by Schulman 
and Hughes (1935 pp 1245-7) 

To show that upon injection of one substance underneath another which 
results m penetration showing strong association of polar groups the 
resultant surface potential is that of the equimolecular mixture of the two 
components the following values are given 

The observed surface potential of an equimolecular mixed film ot 
sphingosme and hexadecyl alcohol at maximum compression at 20 A* was 
476 mV Injection of sphingosme under cetyl alcohol film of 422 mV (at 
pH 7 2) resulted m a rise of the surface ixitential to 475 mV Upon injection 
of sodium oleate under a compressed film of cetyl alcohol at pH 2 0 no 
change in the surface potential is observed Interaction is weak and the 
dipoles of the two substances are identical but at pH 7 4 the oleate ion ol 
much smaller moment penetrates the film to lower the surface potential 
to 270 mV The value of the suiface potential of the equimolecular 
mixed film of the two components at pH 7 4 at maximum compression is 
270 mV 

We have examined a number of such cases less quantitative m nature 
showing very similar results The substances m these cases were too soluble 
to exist as films on their own but only form Gibbs layers thus their electnc 
moments are difficult to detennme Psychosine which possesses a high 
electric moment and which is very reactive in penetration always raises 
the surface potential of most film formmg substances and the relatively 
soluble sodium cetyl sulphate possessing a comparatively small moment 
lowers the surfeice potential of most films on penetration It is mterestmg 
to note m this case that sodium cetyl sulphate lowers the surface potential 
of a fatty acid on acid substrates but on neutral substrates where the ionized 
carboxyl has a very small moment e g lower than the sulphate it raises 
the potential of the fatty acid film 
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Psyohosine sulphate injected into the underlying solution at a ooncentra 
tion of ca 10~* % , will raise the surface potential of the following substeuaces 
within a few minutes at pH 7 4 of 

Lecithm from 360 to 419 mV, 

Tnpalmitm „ 660 „ 703 mV, 

Cetyl alcohol „ 400 „ 636 mV, 

Cholesterol „ 390 „ 618 mV, 

Palmitic acid „ 396 „ 644 mV (pH 2 0) 

Sodium cetyl sulphate injected mto the underlying solution at a concentra 
tion of CO 10 * % will lower the surface potential at pH 2 0 of palmitic acid 
from 390 to 264 mV at pH 6 6 will raise the surface potential of palmitic 
acid from 280 to 324 mV Sodium cetyl sulphate mjected under similar 
conditions will lower the surface potential of palmitic acid at pH 2 0 from 
390 to 280 mV and will raise the surface potential at pH 6 6 from 260 to 
346 mV 

To extend our knowledge of this mechamsm of penetration and complex 
formation to substances of more immediate biological mterest, two series 
of experiments were earned out one to determine the degree of polar 
association and secondly to trace the influence of an alteration m the 
hydrophobic character of the non polar portion of the molecule on the ease 
of penetration and stability of the resulting complexes 

In fig 1 are shown the effects of mjectmg 5 mg saponin (or digitonm) 
into 300 c c of M/26 phosphate buffer at pH 7 2 under condensed films of 
various substances placed on the surface and each compressed to a surface 
pressure of 10 dynes/cm The resulting lowering of the surface tension by 
the saponin solution alone was found after a period of several hours to be 
16 dynes/cm The remarkable effects of mjection of the sapomn and 
digitonm on a him of cholesterol are noted m the curve There is an imme 
diate nse in surface pressure to some 60 dynes/cm the hquid cholesterol 
film becomes solid and there is an accompanying fall m phase boundary 
potential of 100 mV from 400 to 300 If the alcohohe group of the cholesterol 
be replaced by the acetate which contains an ester polar group possessmg 
a weaker association for the acid group m the sapomn, the nse in surface 
pressure is strongly inhibited and rises only some 7-10 dynes/cm after 
15 mm Agam if the hydrophobic portion of the cholesterol molecule be 
altered as in calciferol, only a relatively small penetration by the sapomn 
18 obtamed (a change of 10 dynes/cm ) 

Digitonm differs from sapomn m its activity m that it is more effective 
in its action on these films, although with the same ratio of surface pressure 
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diSerenoee It will penetrate films of long-ohain alcohols which saponin 
does only to a small extent The latter exhibits (fig 1) a shght penetration 
mto films of alcohols, phenols, sphingomyelin and lecithm and although 
the polar mteraotion is small it is detectable m the alcohols by causing a 



Fia 1 — Saponm 16x10 • % injected at pH 7 2 under vanoiw films 

change of 30 mV m the surface potential This weak penetration by 
saponm can be completely inhibited by prior oompressmg of the films of 
the alcohols, phenols and lecithm to the critical pressures which are 
obtamed after mjection of the saponm under the films at the 10 dynes/cm 
pressure This association is even weaker than that of the oleic acid and 
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esters where one component is squeezed out of the surface on compression 
of the mixed film (Schulman and Hughes 1935) 

Thus if films of calciferol lecithin cetyl alcohol and oleyl alcohol be 
compressed to 22 dynes surface pressure and sapomn be now mjected mto 
the underlying solution there is no change in the surface pressure of films 
of these substances If on the other hand films of cholesterol be com 
pressed to their maximum compression before collapsing ca 30 dynes no 
inhibition of the penetration by the saponin is effected and the pressure 
immediately rises to that of the mixed film which being more stable stands 
pressure of ca 60 dynes (as measured by the nng method) 

This marked penetration of films of cholesterol and ergosterol (and no 
other films) by saponin as well as the vigorous penetration of hexadecyl 
cyclohexanol and cetyl alcohol by digitonin is reflected m the well known 
association of these substances to form complexes m bulk solution 
To show that complexes could be formed m a similar manner by a simple 
suitable choice of a polar group attached to an appropriate hydrophobic 
group a dilute solution of sodium cetyl sulphate was injected (fig 2) under 
films of these same substances as were reacted upon by sapomn 1 mg 
was added to the 300 c c of underlying solution of pH 7 2 
The acid sulphate group is more reactive than the polar group m sapomn 
or even digitonm The soap itself only lowers the surface tension at this 
concentration about 12 dynes/cm in about 20 mm whereas the surface 
pressures of 10 dynes/cm of films of cholesterol ergosterol and cetyl 
alcohol are all increased some 46 dynes/cm in a few minutes As with the 
sapomns the weakemng of the alcohohc polar group by ester formation or 
insertion of a double bond into the hydrophobic portion of the cholesterol 
molecule strongly inhibits the ease of penetration of the films 1 hus chole 
sterol acetate and calciferol are much less affected by injections of sodium 
cetyl sulphate into the underlying solutions changes of 20 dynes surface 
pressure being observed after 30 min for these two substances 

The effect of a change in the hydrophobic portion of the molecule is 
shown clearly in the weakness of the penetration of a film of oleyl alcohol 
as compared to one of cetyl alcohol (fig 2) Thus the 10 dynes surface 
pressure of a film of cetyl alcohol is changed to 58 dynes within a few 
minutes when 1 rag of sodium cetyl sulphate is injected into 300 c c of 
underlying solution This compares with a change of only 23 dynes surface 
pressure for the oleyl alcohol film m half an hour As with calciferol the 
simple insertion of a double bond greatly weakens the association of the 
hydrophobic groups and m fact is equal m effect to the changmg of the 
alcohohc polar group to an ester group This would explam the mabdity 
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of the saponin to form complexes in bulk with calciferol or penetrate its 
films Here the inhibition of penetration by prior compression of the films, 
where weak penetration is observed, is agam noticed m with saponin 



Fiq 2 — Sodium cetyl sulphate 3 3 x 10“* % injected at pH 7 2 under various films, 
at 10 dynes surface pressure 

Thus, if films of calciferol or oleyl alcohol be compressed to 30 dynes pressure, 
no further change in surface pressure is observed on mjection of the sodium 
cetyl sulphate into the underlymg solution It is interesting m this con 
nexion to observe that maximum compression of a film of cetyl alcohol 
does not stop the penetration of cetyl sulphate, whereas a compression of 
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22 dynes completely stopped the penetration of this film by saponm The 
strong penetration of sphmgomyelm films (fig 1) which contam the very 

OH 

reactive sphmgosine polar group ( — CH=CH — CH — CH, — CHg — NH,) 
was to be expected and might be biologically significant whereas the 
lecithin film containing an unsaturated long chain ester is far less active 

Haemolysis Expekiments 

To demonstrate and grade the reactivity of these groups m solution the 
following expenments were earned out 

Equimolecular mixtures of the reacting substances (one bemg sodium 
cetyl sulphate) were made up and dissolved in alcohol They were then 
diluted with salme until the mixture contained 1 mg /c c of the sodium 
oetyl sulphate (Tables II and III) 

Haemolytic experiments were earned out with the mixtures on 10 or 5 % 
red cell suspensions As with saponm and cholesterol the haemolytic 
activity of sodium cetyl sulphate is very nearly completely inhibited by 
cholesterol only slightly by calciferol and not at all by cholesterol acetate 
The haemolytic activity is not inhibited by the addition of hexadecyl 
cyclohexanol and long chain alcohols although as we have seen strong 
penetration of alcohol films takes place 
That definite complexes are formed between the cetyl sulphate and the 
alcohols can be shown by the fact that a completely insoluble substance such 
as hexadecyl cyclohexanol with a very sparmgly soluble substance such as 
sodium cetyl sulphate form completely clear solutions when they are mixed 
m equimolecular proportions 

The fact that they are lytic is probably due to the stronger association 
of the cetyl sulphate to the cholesterol or protein m the membrane of the 
red cell than to the long chain alcohol 

On weakening the polar association of the acid group m the long chain 
to the OH group in the cholesterol by replacement of the sulphate by a 
carboxyl as in palmitic acid no inhibition of the haemolysis by sodium 
palraitate takes place This as we shall see is probably due to the stronger 
association of the carboxyl fatty acid to insoluble proteins on the membrane 
of the red cell and not to the cholesterol content of the cell In a previous 
commumcation it has been shown (Schulman and Hughes 1935) that the 
fatty acid content of a protem fatty acid mixture m solution is completely 
removed by denatunng a portion of the protem and separatmg it from the 
soluble protem 
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jver night at room temperature 
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All equimoleculai 
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We thus see that one of the partners in these complexes may be regarded 
in the light of a earner for the other substance forming the complex and 
the structure can be broken as soon as one of the polar groups (that of the 
substance earned) comes m contact with a stronger associatmg polar group, 
such as cholesterol m the red cell membrane In fact such substances 
which are poorly l3d,ic owmg to their insolubility, as are the long cham 
alcohols, become very lytic when associated with a stabih/ing group such 
as the sulphate The lytio properties of an eqmmolecular mixture of a 
long cham alcohol and sodium cetyl sulphate are nearly double that of 
the sulphate alone the alcohol being too insoluble on its own to be active 
The action of the alcohol is almost certainly on the protein content of 
the red cell membrane, smee films of egg albumen and of ghadin are readily 
penetrated by tetradecyl alcohol when injected mto the underlymg solution 
In Tables II and III are shown the inhibiting effects due to the associa 
tion of polar and non polar groups with one another m lytic substances on 
the lysis of red cells 

We may conclude that the existence of these complexes, formed by the 
mutual association both of polar groups and of hydrophobic groups in two 
different molecular species may be demonstrated by the followmg physical 
chemical criteria penetration of monolayers association m mixed films, 
inhibition or sometimes increase of lytic activity mutual dispersion in 
aqueous solution and m certam cases complexes may be formed by crystal 
lization of the two ingredients from their mixed alcoholic solutions Complex 
formation can inhibit the formation of insoluble precipitates, thus m an 
aqueous solution of an equimolecular mixture of cetyl sulphate and chole 
sterol the precipitation of the cetyl sulphate by silver nitrate does not take 
place, although sodium cetyl sulphate and cholesterol crystallize out 
separately from their alcoholic solution The digitonm and cholesterol 
complexes remam stable on crystallization 

We note that the SOjNa polar group exhibits a strong association with 
the sterol OH > long chain OH > phenol OH > long cham ester > sterol 
ester, whilst the association of the acid radical is weakened by changing 
to the carboxyl ion such that it now only forms dispersmg complexes when' 
attached to the same hydrophobic group, viz CHjfCHjj)^ The unionized 
carboxyl group forms complexes which are still less stable 

In respect to the association of the hydrophobic portions of the molecules 
we note that 

(1) The condensed nng* systems and saturated long chains exhibit a 
strong (long cham sulphate + cholesterol) interaction 
Cycle pentano hydro phenanthrene 
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(2) The unsaturated condensed nng system and saturated long ohams 
show a weak mteraotion there is only a weak penetration of calciferol by 
a long oham sulphate m spite of the strong polar mteraotion 

(3) A saturated long oham mteracts strongly with a saturated long 
oham but not so strongly as (1) even when a strong iiolar association is 
provided 

(4) A saturated long cham exhibits a weak mteraotion with an un 
saturated long oham when the double bond is m the middle of the long 
cham 

The reactive polar group m digitomn is probably the unsaturated 
carboxyl attached to the condensed nng hydrophobic group It exhibits 
a strong association with sterol OH > long cham hydrocarbon hexanol > 
long cham OH and a negligible one with the sterol ester 

The polar group m saponin exhibits a strong association with a sterol 
OH a weak one with a long cham phenol or alcohol > sterol ester > lecithm 
> long cham hexanol 

In the latter case the reactions are partly masked by the varying polanty 
of the cholic group in sapomn and digitomn sapomn bemg more polar and 
not combmmg to form complexes with any substance mentioned except 
cholesterol 

We may conclude that to form stable complexes at least two strong 
points of contact must be estabhshed between two molecules strong polar 
but weak hydrophobic association weakens any form of complexes or 
dispersmg properties but a weak polar association and a strong hydro 
phobic adhesion can produce weak complexes m the form of dispersion 
complexes 

The chief charactenstic of molecular association is their sensitivity to 
such small changes in polar reactivity as m the change of acidity from 

— SOj -> too ->■ rOOH or sterol OH -> cycUc OH ->• primary OH 

or the change m polarity produced by the msertion of a double bond 
Again we note the great stability of mixed films which will stand com 
pression up to 60 dynes/cm these do not collapse but can be pushed over 
the edges of the surrounding paraffin glass barriers wheretus the components 
by themselves very rarely stand pressures greater than 36 dynes/cm 

Finally a penetrating molecule which has a strong adhesion to the film 
formmg molecule will penetrate instantly a solid condensed film against 
a pressure of 35 dynes/cm to form a stable equimolecular film even when 
the solution of the penetratmg substance alone only forms Gibbs adsorbed 
layers and does not exist m the form of a coherent film When there is weak 
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association compression of the film forming substance can completely 
inhibit penetration 

The experiments quoted m this paper were repeated with different 
apparatus and different samples of the same substance The sapomn fiom 
different sources showed small variations in its activity on the films 
mentioned 


Summary 

It IS shown that molecular complexes can be formed by the injection of 
suitable orgamc compounds underneath various film forming materials 
Two distinct types of complexes can be identified those formed by associa 
tion of a submerged polar group in the film forming material with a polar 
group m the material injected and those in which a subsequent penetration 
of the hydrophobic portion of the film by the hydrophobic portion of 
material mjected takes place This subsequent stage is termed film penetra 
tion and the stabihty of the resulting mixed film is shown to be due to 
molecular association ihe extent of the molecular association is found to 
be dependent on the mutual mteraction both of the polar and of the hydro 
phobic portions of the interacting molecules shght vanation m the pro 
parties of either of these {xirtions is found to exert a profound effect on the 
stability of the complexes A remarkable degree of specificity is to be 
observed in complexes formed m this way 

Those molecules which show strong association m films make complexes 
in solution which can be distmguished by various methods such as inhibi 
tion of haemolysis and dispersion phenomena 
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Molecular Interaction in Monolayers 
II— The Action of Haemolytic and Agglutinating Agents 
on Lipo-protein Monolayers 

By J H SosnjLMAN and E K Ridkal, F R.S 
Laboratory of Colloid Science, Camlrndge 
[Received 14 October 1936) 

In Schulman and Rideal ( 1937 ) several examples were given of the sensi- 
tivity in the extent of association in molecular interaction between molecules 
containing both polar and non-polar groups to slight alterations in the 
reactivities of either of these portions 
In this paper an account is given of the interaction between organic 
molecules and protein monolayers and of the properties of these synthetic 
systems It will be shown that they suggest possible mechanisms for the 
biological processes of lysis, agglutination, and sensitization Two types of 
complex formation between molecules injected into the substrate and the 
molecules forming the monolayer have been established, those in which 
mutual association takes place by means of them polar groups alone, and 
those, the penetratmg molecules, in which association is the result of the 
mutual interaction both of the polar and non-polar portions of the molecules 
Smce the latter, the penetrating substance, must contain a relatively 
large hydrophobic portion in their molecular structure, they are all capillary 
active and in smtable concentration form colloidal solutions containing 
micellar aggregates All such substances penetrate films of cholesterol and 
lyse red cells, and with the exception of sapomn disperse protem films 
Substances which form complexes by interaction of their polar groups 
alone are of particular interest, for it is found that if macromolecules or 
polymers are formed of the reacting substance the reactivity of the macro- 
molecule 18 very much greater than that of the single monomer Smoe the 
macromolecule consists of a number of repeatmg units, each with its own 
reactive groups, it appears that the large macromolecule adheres to the 
reactive groups of the monolayer by more than one pomt of contact 
Clearly, the question of appropriate spacing must enter mto the extent 
of the number of points of contact of the macromoleoule with the molecules 
formmg the monolayer 
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Those macromolecular substances do not affect the sifffaoe tension or 
potential of water to a marked extent, are strongly SMlsorbed by protein 
films, m that they affect the phase boundary potential of these films, but 
do not increase the surface pressure Thus, m contrast to the penetrating 
molecules they do not lyse but only sensitize and agglutmate red cells. 


Experimental Method 

The phase boundary potentials and changes m surfEWje pressures were 
measured as described m Sohulman and Rideal (1933) The protem chosen 
for mvestigation was a purified sample of the wheat protein ghadin, smce 
not only is its composition relatively simple, containmg at least 43% 
glutamic acid, but it also possesses the valuable property of bemg soluble 
in 80% alcohol, permitting it to be spread mixed with lipoids such as 
cholesterol to form homogeneous mixed films on aqueous substrates 


Lipo-Protbin Films 

In fig 1 are shown the characteristics of a film formed by dispersion of 
an 80 % alcohol-water solution oontaming cholesterol and ghadm m ratio 
of I 4 m contrast with a film of ghadm alone on to a substrate of M/26 
phosphate buffer at pH 7 2 Ghadm m 80 % alcohol-water solution de- 
natures and becomes insoluble quickly, consequently results have to be 
taken with fresh solutions 

An expenmental error m calculating the quantity of protem m the 
solution 18 therefore always hable to occur, but the results obtamed agree 
fairly well with those given by Hughes and Rideal (1932), who spread the 
ghadm films from the sohd protem Their results have been confirmed by 
another method (private commumcations by Mr J. S Mitchell) 

The behaviour of the mixed film on compression is of interest, for whereas 
the pure protem film gradually sets to a tenacious gel before crumpling, 
the lipo-protem film is first of all hqmd and on compression sets to a gel 
On further increase of the pressure m the region where the protem film 
collapses into long stnations the lipo-protem film suddenly and sharply 
liquefies and on continued compression acquires all the characteristics of 
a film of cholesterol Ultimately, the film exhibits a phase boundary 
potential (380 mV) identical with that of the cholesterol at the same area, 
VIZ 40 A*/mol , the area bemg based on the assumption that all the gliadm 
has been dnven from the surface In the dark field ultra-microscope the 
well-known “punkt struktur” of Zocher and Stiebel exhibited by films of 
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choleeterol can be observed to appear m these compressed Ui>o protem 
films 

On expansion and recompression the whole cycle is found to be reversible 
and this process can be repeated several times before the regelation on 
expansion becomes less marked It is interestmg m this connexion that 
on leavmg the films standmg for periods of an hour the slope of the com 
pression curve becomes very much steeper such that now the pressure for 
the ejection of the protein by the cholesterol rises from 22 5 dynes to 
27 dynes at the same surface density approximately 4 7x10 g /cm * The 
mitial sharp rise startmg from a pressure of 1 6 dynes at 1 25 x 10 ’ g /cm * 
remains the same with time The weight per sq cm is calculated on the 
combmed weights of the cholesterol and ghadm m the alcohol solution and 
they were spread by the Gorter method 

The surface potential curve shows a value of 200 mV at this pomt and 
increases sharply to 300 mV at 2 0 x 10 ’ g /cm * when gelation of the film 
sets in and the curve slopes over to a value of 345 mV at 48x10 ’g /cm ® 
At this point the film suddenly hquefies and the potential rises to 380 raV 
at 776xI0’g /cm * where it collapses This value is approximately 40 A* 
calculated on the cholesterol content of the solution and where the 
cholesterol film normally collapses The collapsed films do not reveal any 
of the usual long stnations of ghadm observable in the dark field ultra 
microscope 

As with mixed films of long chain alcohols and oleic acid at pH 2 the 
association complex between cholesterol and the protem is too weak to 
withstand a compression greater than 26 djmes/cm and the protem hke 
the oleic acid is forced beneath the film The hpo protem differs from the 
former mixed film m that on release of the pressure the protem reappears 
to form a uniform mixed film immediately whilst the displaced oleic acid 
only gradually re enters the film of alcohol It must be inferred that the 
protein is retamed underneath the cholesterol film and attached to it at 
appropriate pomts so that the compressed hpo protem film must be regarded 
as a duplex film with cholesterol on one side attached to a ghadm monolayer 
on the other 

This gelation and hquefaction of the hpo protem is very sensitive to 
environment and ratio of lipoid protein concentration On pH s more acid 
than 7 (the isoelectric pomt of the protem) no gelation of the mixed film 
of 20% hpoid takes place likewise mcreasmg the hpoid content results 
in non gelation over the whole range of pH Ihe cholesterol thus interacts 
with protem on both sides of its isoelectric point m a different manner It 
has been shown to mteract with both carboxyl and ammo groups separately 
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in the fatty aoida and psychosme penetrations (Sohulman and Rideal 

1937) 

The degree of interaction of the OH group varying according to the 
ionization of the acid and amine group 

Adsorption on Protein Films 

The experiments quoted in this paper on the action of soaps and soap 
protem complexes at various pH s on protein films have been taken from 
those already described m Parts I II and III of Schulman and Rideal 
(1933) and Schulman and Hughes {1935) 



Fig 1 — Mixed cliolesterol protein film 20 % cholesterol 80 o gliadin pH 7 2 

In earher commumcations it was shown that when long cham fatty acids 
at pH 7 2 were mjected underneath a film of protein e g albumen casern 
or gliadin the latter was rapidly displaced resultmg in the formation of 
a monolayer of fatty acid the protem bemg earned mto solution as a 
hpo protem complex 

In contrast to the soaps if a solution of saponm contammg 6 mg m 
300 c c at pH 7 2 be mjected underneath a film of ghadm there is a rapid 
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change m the phase boundary potential of 70 mV from 330 to 200 mV 
but only a small and slow change m the surface pressure some 0-10 
dynes/cm m an hour (The protem bemg placed on the surface at 
6 dynes/cm compression ) As wiU be described later this observation 
suggests that the lytic properties of saponin on red cells are deterramed 
by its reaction with the cholesterol rather than the protem 

The action of the long cham sulphate on a protein film is very similar 
to that of the oarboxyho fatty acids in that there is a rapid displacement 
of the protem at concentrations as low as 10 The sulphate however 
18 too soluble to form stable contmuous films but the solution of this 
concentration possesses a surface tension of 12 d 3 Tie 8 /cm lower than that 
of water That the hpo protem is also capillary active is shown by the fact 
that the solution after injection of the sulphate and apparent disappearance 
of the protein him has a surface tension of 19 dynes/cm lower than that 
of water 

In this connexion the action of lytic agents on the mixed hpo protem 
IS mteresting The soaps disperse the films very readdy and one is unable 
to make stable hpo protem films contammg a fatty acid at neutral pH s 
On the other hand saponin which does not displace proteins but is adsorbed 
on to the films behaves differently 

At low compressions before the cholesterol separates from the protein 
(fig 1 ) the penetration of the protein film by sapomn is greatly aided by 
the presence of tlie cholesterol On the compressed filfia where the cholesterol 
18 on the surface witli the protem underneath no or only very slow 
penetration ol the cholesterol film takes place The protem apparently 
adsorbs the saponm and prevents it attacking the cholesterol above it 

To demonstrate this the followmg experiments were earned out 

5 mg of saponm were mjected into the 300 c c of underlymg solution 
at pH 7 2 under the followmg films 

(1) Ghadin film at 5 dynes compression (gel) 

(2) 20% cholesterol ghadm film at 5 dynes compression (liquid) 

(3) 20% cholesterol ghadm film at 22 6 dynes compression (hquid) 

(4) Cholesterol alone at 22 5 dynes compression (liquid) 

On ( 1 ) the surface pressure rose 10 dynes m 30 mm and the film remamed 
a strong gel 

On (2) the pressure rose 20 dynes m 30 mm and the film changed from 
a liquid to a strong gel 

On (3) there was only a small change m pressure of some 8-10 dynes m 
30 mm compared with (4) at the same starting pressure where there was 
an mstantaneous mcrease of pressure of some 30 dynes m a few mmutes 
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Thb Action of Agglutinating and Sensitizing Agents on 
Protein Films 

The difference in behaviour of galho and tannic acids when injected under 
a him of ghadm presents some interesting features In fig 2 is shown the 
adsorption of these substances by a film of ghadm at pH 7 2 A concen 
trationof 1 66x 10 ® % of tannic acid reduced the phase boundary potential 
of the ghadm film from 330 to 230 mV ca 100 mV m a few mmutes and 



reduced the surface pressure of the film from 6 dynes/cm to 3 dynes/cm 
The film has thus become slightly more hydrophobic to the underlying 
solution as a result of the adsorption of the tannic acid With solutions of 
galhc acid of the same weight concentrations m spite of its greater rate of 
diffusion the surface potential of the ghadm film is reduced only by 100 mV 
m 3 hr In tanmc acid there are ten galhc acid units and the effect of 
conversion of the molecule mto a macromolecular polymer is clearly 
marked 
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Neither gaUic nor tannic acids in these concentrations affect the surface 
tension or potential of a free water surface to a detectable extent 

After the adsorption of the tamuo and galhc acids by the protein wm 
completed (fig 2) 2 6 mg of sodium oleate were injected mto the 300 o o 
of underlying solution This quantity of sodium oleate when injected under 
a film of protem very rapidly peptizes and disperses the film leaving as we 
have noted a monolayer of the soap at the mterface (hchulman and Hughes 
1935) When injected under the galhc acid treated film it is found that a 
slow dispersion of the film occurs the process being complete m about 
20 mm With the tannic acid treated film however although penetration 
takes place no dispersion occurs and the film remains a strong rigid sohd 
possessmg a somewhat higher phase boundary potential than that given 
by the surface formed by injection of the oleate underneath an untreated 
protem film It would appear that the protem units in the surface have 
been sufficiently hnked together by reaction with the galloyl units con 
stitutmg the taimic acid macromolecule to render them non dispersible 

That such a non dispersible network cun be formed is shown by the 
effects of mjection of 200 rag sodium silicate into the iinderlymg solution 
at pH 6 6 Ihe aihcic acid formed by hydrolysis is slowly adsorbed by the 
protein film as revealed by a fall m phase boundary potential of 40 mV 
of the ghatlin film of 350 mV m 2 hr Upon injection of 2 5 mg of sodium 
oleate as before the film undergoes dispersion but if the sihcate be left in 
contact with the protem film for 12 hr before injection of the sodium oleate 
the film IS found to be non dispersible although penetration of the soap 
into the him occurs The sihoic acid undergoes slow polymerization m 
solution and the polymeric network Imks the constituents of the protem 
film together as with tannic acid 

The potential of the gliadm silicic acid film after penetration by the 
sodium oleate is found to be as the tanrao acid treated film some 20 mV 
higher than that of the simple hpo protem system at pH 6 6 

Sensitizing dyes such as lanus green are strongly adsorbed by protem 
films 16x10 *%in the underlying solution moreasmg the phase boundary 
potential of the gliadin film of 330 mV by some 160 mV m an hour at pH 7 2 
No large change m surface pressure is detectable at these concentrations 
although at concentrations of 6x 10 *% an morease of 4 6 dynes/cm is 
obtained m 3 hr Since the dye is not raacromolecular m character the 
resultmg protein dye film is readily dispersible by sodium oleate 
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A Possible Mkchahism for the Lysis of Red Cells 

A number of different views have been expressed as to the structure of 
the membrane of the red cell (Ponder 1936) The view has frequently been 
advanced that there is an actual monoinolecular membrane enclosmg the 
cell contents although this membrane may in part be linked across so as 
to ensure the maintenance of the characteristic structure of the cell 
Calculations based upon electrical capacity measurements although they 
must be accepted with reserve likewise suggest that the superficial layer 
has a thickness of the order of a monolayer (Fncko 1925) The anal3rtical 
data of Jorpes (1932) suggest that the composition of the membrane is 
ca 80 % of a water insoluble protem of isoelectric point pH 5 6 and 20 % 
of lipoid Ihe association of cholesterol and gliadm to form remarkably 
stable hpo protein monolayers suggests the view that the membrane of 
the red cell may consist of a similar mixed film 

It 18 easy to visualize the action of capillary active matenals which 
possess the property of penetratmg Iipoid films and dispersmg protem 
films on such a membrane Thus we might anticipate that sapomn for 
example which in concentrations of 10 *% rapidly penetrates films of 
cholesterol increasing the surface pressure some 60 dynos/cm but is only 
adsorbed by monolayers of gliadm would exercise its lytic activity primarily 
on the hpoid portion of the membrane of the cell and only secondanly on 
the protem constituent This is further supported by the increased penetra 
tion of a cholesterol ghadm mixed film at low compression by saponm 
m contrast to a film of the protem alone 

Furthermore saponin should form complexes with any cholesterol and 
protem available m the plasma and thus become inactive for lysis This 
view of the action of saponin is further supported by its action on various 
bacteria examined by Klein and Stone (1931) where lysis could be effected 
by prior treatment or sensitizing of the bacteria with cholesterol If the 
surface of the bacteria contains protein we have noted that the cholesterol 
would interact with the protem and thus enable the saponm to penetrate 
the membrane through the hpo protem complex 
The lytic action of fatty acids taurocholic acid and psychosme should be 
even more radical than that of saponin m that not only do these substances 
penetrate and rapidly form complexes with films of cholesterol or of 
sphmgomyelm (the surface pressure rising some 50 dynes/cm from 
10 dynes/om film pressure withm 2 ram on mjection of concentrates of 
CO 10 <%) but at the same time they can disperse and disintegrate msoluble 
monolayers of proteins 
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Support to the view that such dispersion does m fact take place is found 
on examination of the structure of the red cell ghosts formed on lysis, 
with saponin the ghosts are well defined but with fatty acids confinmng 
Plattner and Hmtner (1930) definite signs of dismtegration are observed 

Fmally, we note that the ease of penetration and dispersion by fatty 
acids of protem monolayers is greatly affected by the pH (Schulman and 
Hughes 1935) At pH 6 6 the rate is relatively slow, thus washed blood 
cells are not lysed by small quantities (sublytic) of soaps at this pH although 
the soap is adsorbed If small quantities of serum protem pH 7 3 be now 
added to the system the cell wall fatty acid complex is brought by the 
serum protem to the reaction of pH 7 3 and the soap both penetrates and 
disperses At the same time if serum be added to the blood cell suspension 
before the addition of the soap — a large fraction of the fatty acid is rendered 
inactive by combination to form hpo protems m the bulk phase A film 
of protem can be protected from dispersion by fatty acids and ferments by 
first adding a large excess of protem into the underlymg solution (Schulman 
and Rideal 1933) That this change m ease of penetration on serum 
sensitization is due to a change in pH of the cell wall protems is supported 
by the observation that those protems which dehmtely buffer on the acid 
Bide, e g gelatm and egg albumen of isoelectnc pomt ca pH 4 6, do not 
sensitize According to Roy and Sen (1929) sensitization may be effected 
by the addition of amines or alkalis 

The ease of penetration of the fatty acids is found to run parallel with 
the lytic activity not only in respect to the similarity of their dependence 
on the pH but also on the length of chain of the fatty acid employed, thus 
whilst palmitic acid penetrates and disperses films with great rapidity 
(Schulman and Hughes 1935) and is extremely haemolytic, pelargonic acid 
penetrates but very slowly and is lytic only after long periods of time 


A Possible Mechanism bob Agglutination and Sensitization 
OP Red Cells 

We have noted that agglutmatmg sigents such as tanmo acid are strongly 
adsorbed when macromolecular by films of proteins They do not affect 
films of fats, sterols alcohols and esters It is possible that the phenoho 
group m each unit of the macromolecule undergoes association with the 
keto imido hnkage of the polypeptide chain (Kruyt and De Yong 1922) 
The adsorption of excess tanmo acid by a protem film effects the 
reduction of the surface pressure of such a film when compressed to ca 
6 dyneBjcm to practically zero value The mixed film no longer lowers the 
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surface tension of water and must be regarded as existing m the form of 
a skm Such a behaviour is exhibited by casein which will not spread at 
its iBoelectnc pomt pH 4 6 but if spread at a slightly more alkalme pH 
and the substrate be brought back to pH 4 6 an insoluble inactive film of 
casern remains on the surface as a skin In the same way the red cell 
membrane on adsorption of tannic acid may be regarded as rendenng the 
cell water mterface as hydrophobic and agglutmation occurs provided 
that the electrokinetic potential of the now suspensoid system is not too 
high Such taniun treated membranes still permit of the penetration of 
lytio substances (Remer and Fischer 1929) such as the soaps but the ghosts 
should be resistant to disintegration since a tanmn treated protein film is 
penetratable but not dispersible Sihcic acid should behave m a similar 
manner but as we have noted the process of polymerization of the 
orthosilicic acid to form a macromoleoular hydrophobic polymer on the 
surface of the cell is a process which proceeds relatively slowly 

It 18 mterestmg to compare the film reactivities of sensitizing dyes such 
aa laniis green with those of tanmn and silicic acid 
In dilute solution Janus green is adsorbed by a protem film but does not 
appreciably affect the surface pressure On increasmg the bulk concentra 
tion however (up to 16 mg /300 c c ) the dye raises the surface pressure 
by some 4 dynes/cm 1 e the dye commences to penetrate the film and 
one might anticipate a lytic activity m high concentrations (Browmng and 
Mackie 1914 Ponder 1928) The dye m this respect thus presents certam 
analogies to the fatty acids and the effects of adding serum to cell suspen 
soids contaimng sublytic concentrations of dye present other pomts of 
agreement The sensitization of red cells to sublytic concentrations of fatty 
acids was described m the last section 

From these considerations we may regard the coatmg of a red cell by 
the antibody globuhn in sensitization as fulfilhng a number of separate and 
important functions In the first place it renders the system relatively 
hydrophobic the complex behavmg as a skm rather than as a film Agam 
it changes the pH. of membrane from ca 5 6 to one more alkalme and 
finally the cell is coated with a sheath of denatured protem 

We have seen that fatty acids are strongly adsorbed out of a protem 
solution by any film of denatured protem and that their penetration is 
practically completely stopped by change of pH to the acid side of pH 7 
the optimum lymg between pH 7 and 8 (Schulman and Bideal 1933 
Schulman and Hughes 1935) 

It 18 not difficult to visuahze a system whereby a lytic substance which 
lowers the surface tension and penetrates films is present as a complex 
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with cholesterol m the serum and as such does not exert its lytic activity 
but if on sensiti/ation the red cells are coated with a sheath of denatured 
globuhn of pH 6 8 (Felton 1932) the lytic substance separates fropi its 
earner and is adsorbed by the sensitized cell which it subsequently pene 
trates Such a system would present many analogies to the observed 
operation of the complement reaction especially as the hpoid protem 
complexes are apparently very sensitive to environment 1 e pH and salt 
concentration 

It is by no means improbable that the final pH of the protem coated 
cell all IS dependent on the concentration of electrolytes in the surroundmg 
medium since below a certain lomo strength the effect of electrolytes at 
constant pH on the electrokmetic potential is not in agreement (Kemp 
and Rideal 1935) with the theory of Debye Huckel and Henry owmg to the 
intrusion of a Donnan distnbution of hydre^n 10ns 

We have to thank Prof Dean Dr Drury and Mr E T C Spooner of the 
Pathological Institute ( ambndge for their encouragement and cnticisms 
m many discussions especially Mr E T (. Spooner for practical assistance 
in the haemolytic expenments Our thanks are also due to the Medical 
Research Council for a personal grant to one of us ( 1 S ) 

St mmary 

The properties and behaviour of lipo protem films of cholesterol and 
ghadin are desenbed and the results of mjection of lytic agglutmatmg 
and sensitizing agents beneath such films are exammed 

It 18 shown that all lytic agents examined either penetrate cholesterol 
films or disperse protem films and are all capillary active Agglutinating 
or sensitizmg agents only adsorb on protein films and show no penetration 
properties and no appreciable capillary activity 

The size of the reacting molecules is shown to be important for all these 
phenomena brom these experiments on hpo protein films tentative con 
elusions are drawn concemmg possible mechanism of lysis agglutination 
and sensitization of red cells 
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The Sense used by Trichogramma to distinguish 
between Parasitized and Unparasitized Hosts 

By George Sait, Fellow of Kind's College, Cambridge 
From the Zoological Laboratory, Cambridge 
(Communicated by James Gray, F R S — Received 9 September 1930) 
Intkouoction 

It waa demonstrated m an earlier paper of this senes (Salt 1934 6) that 
the chalcid parasitoid Trichogramma evanescens is able to distinguish 
healthy hosts from those already parasitized The present study is an 
attempt to answer the question, “By what sense is that discnimnation 
performed* ” 

The material and methods used in these investigations have been fully 
desenbed before (Salt 1934 a) and, if it is recalled that Trichogramma is 
a minute parasitoid developing m the eggs of insects, especially moths, no 
further explanation is necessary for the understandmg of this paper 
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Sight, Hbabino, and Touch 

Sight IS easily ruled out of the discussion by expenments showing that 
the discnmmation is exercised m complete darkness Twenty-five eggs of 
the gram moth, Sttotroga cerealeUa, were fastened on graph paper, ^ in. 
apart, m a square that could be covered by a small glass contamer .f m 
across and J in deep One female Tnchogramma was put with them and 
the dish was then placed in a light-tight container in an mcubator at 26° C 
for 8 hr At the end of that time the parasite was removed and the 
host eggs were examined microscopically for eggs of the parasite The 
experiment was repeated four times, with the results shown m Table I 

Table I — Result of exposing 26 eggs of Sitotroou to one female 


TRICIJUnUJ l/AfA 

FOB 8 HB IN COMPLETE DABKNES8 

Number of hosts containing 

Exp 

Oogg 

1 egg 2 eggs 

3 eggs 4 

1 

7 

18 


2 

4 

21 


3 

3 

22 


4 

1 

24 


Obs total 

16 

86 0 

0 0 

Cal total on 
bypotheeis of 
random dis- 
tribution 

43 

37 16 

4 1 


In the four experiments, 85 parasite eggs were distributed among 
100 hosts Using the formula 

where N represents the number of hosts, x the number of parasi^^"^- 
tnbuted, and z the number of hosts containing p parasites, it can be shown 
that if the distribution had been completely random, 43 of the hosts would 
have remamed unparasitized, 37 would have contained one parasite, 
16 two, 4 three, and 1 four parasites. In fact, however, 16 remained 
unparasitized and 86 contamed one parasite In no case was a host 
parasitized more than once The disommnation was perfect. We may 
conclude, smce the parasitization took place in complete darkness, that 
Bight IS not the sense used by Trtchogramma m distmguishmg healthy from 
parasitized hosts 

The only sounds that might distmguish healthy and parasitized hosts 
are (1) sounds produced by the embryo itself; (2) the different sounds 
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produced by healthy and parasitized hosts when palpated by the antennae 
or feet of the parasite The firs^ alternative is clearly untenable because 
hosts m which the embryo is still undeveloped or is dead and therefore 
could not itself make any sound are attacked The second alternative is 
very unlikely since if different sounds arise from the palpation of healthy 
and parasitized hosts far more different sounds must come from the great 
range of hosts attacked not only different species of insect eggs but also 
plant seeds globules of glass and many other kinds of false hosts (Salt 
1935 ) It 18 then extremely unlikely that the parasite hears a difference 
between healthy and parasitized hosts 

The sense of touch might enable a parasite examimng a parasitized host 
to feel the hole or scar where the chorion had been perforated To investigate 
this possibility 26 eggs of ^iMroga were exposed to a parasite under 
observation Each time the parasite withdrew from a host the exact spot 
at which the ovipositor had been inserted was marked on the host with a 
mmute dot of lamp black and water Forty healthy eggs from the same lot 
were marked arbitranly with a similar black dot Thirteen of the parasitized 
hosts were now fastened in squares 1 3 6 12 14 etc of the graph paper 
with the black spot down The hole made by the ovipositor therefore was 
glued to the surface of the graph paper and could not be felt by a parasite 
coming later The intervening spaces 2 4 11 13 etc were filled with 
12 healthy hosts that had been touched with black their black spot also 
down A second parasite was now placed on this group of 26 hosts and kept 
under contmuous observation Each time it attacked a healthy host the 
latter was removed and its place filled by another healthy host each time 
it attacked a parasitized host that was replaced by a new parasitized host 
always with the black spot marking the point of parasitization in contact 
with the substratum The substitution was easily carried out while the 
parasite was engaged with its next host for Tnchugramma is not easily 
disturbed while it is ovipositmg and a host can be removed and replaced 
even immediately beside it without disturbing the parasite or interrupting 
the experiment Twenty five attacks were observed and contmuous notes 
were made of every host touched examined or attacked The experiment 
was repeated four times twice with 13 parasitized and 12 healthy hosts 
and twice with 12 parasitized and 13 healthy hosts 

In each of three expenraents 5 and in the fourth experiment 7 of the 
eggs already parasitized were selected and attacked by the second female 
Of the 100 attacks therefore 22 were on hosts already parasitized and 
78 on healthy hosts 

Smce there were equal numbers of parasitized and unparasitized hosts 



G. Salt 


equally available to the second parasite, if it had been unable to dis- 
tinguish the two kinds of hosts, equal numbers of them should have been 
attacked Actually, 78 attacks were made on the healthy hosts and only 
22 on the parasitized It is clear that to a considerable extent the parasite 
was able to distinguish between them The numerical result is supported 
by other evidence In the course of the experiment it was observed that 
the parasite frequently rejected the upturned parasitized hosts but eagerly 
attacked the next healthy host it found Moreover, of the 22 attacks on 
parasitized hosts, 14 were of abnormally short duration (cf Salt 1934 b, 
p 464) Finally, of the 22 hosts apparently superparasitized, only 4 were 
found on microscopic examination actually to contain two parasite eggs , 
the other 1 8 contained only one each 
It may be concluded, then, that Tnehogramma is able to distinguish 
parasitized from unparasitized hosts even when the hole made by the 
ovipostor of a former female is put out of reach by overturrang the host 
The number of mistakes is indeed, greater than when the eggs are left in 
their original position (cf data in Salt 19346, p 466), but this, as will be 
clearly shown below, is due to another factor 
The possibility that an ovipositing female leaves on the surface of its 
host a sticky substance which is felt by the muscle sense of another 
parasite, can be dismissed as follows The preceding expenment shows 
that if parasitized hosts are distinguished by stickiness, that condition 
must be perceptible over a considerable part of the surface of the host, 
away from the oviposition hole But a sticky substance present m such 
minute amount would readily dry and, to be felt as sticky, would have 
to be redissolved by the second parasite, which would therefore have to 
provide the solvent Now the sticky substance would have to be water- 
soluble, because expenments described below show that what distmguishes 
piarasitizod hosts can readily be washed off with water But hosts painted 
with water soluble gums, gum tragacanth and gum arabic, in several 
concentrations up to 20% by weight, are not m the least avoided by 
Tnehogramma as soon as they are dry It appears very improbable, then, 
that parasitized hosts are distinguished by being sticky 
The several expenments and observations detailed in this section rule 
out the senses of sight, hearing, and touch, or, at letist, make it very 
unhkely that these senses are concerned in the discrimination By t.hia 
process of elimination, attention is guided to the chemical sense of taste- 
smell which, as will be shown, gives a definite and positive result 
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The Chemical Sense 

Since Trtchogramnui accepts and attacks true hosts of many different 
species as well as several kinds of false hosts it is unlikely that acceptable 
hosts are distinguished by an attractive odour which they suddenly lose 
on being parasitized It is much more likely that they lack a deterrent 
odour which is unparted to them when they are parasitized Search is 
first to be made, then for an inhibitory smell peculiar to parasitized hosts 
When an egg of Sitotroga is perforated by the ovipositor of the parasite, 
a small quantity of the fluid contents of the host sometimes oozes out of 
the hole It might be supposed that a second parasite could smell those 
contents and so recognize the host as one previously parasitized 

To investigate this possibility 25 eggs of Sitotroga were fastened in 
apart in J sq in of a graph paper disk A number of fresh Sitotroga eggs 
were crushed in a small mortar and droplets of their contents were applied 
with a very fine brush to the surface of the 13 hosts placed m squares 
1 , 3, 6 , 12 etc , of the graph paper The 12 hosts in the intervening squares 
were touched with another fine brush carrying only clean water A parasite 
was placed with the 26 hosts and allowed to attack them under observation 
as m the experiments described above When a host bad been attacked it 
was removed and replaced by another host which was then touched with 
egg contents or with water as required By means of this substitution 
technique, the parasite had always 13 of one kind and 12 of the other kmd 
of host available to it Each experiment was continued until 26 attacks 
had been made Four experiments were performed, two with 13 treated 
and 12 wetted hosts and two with the reverse The results are shown m 
Table II 

Table II — Selection of Hosts treated with Contents of Crushed 
SnoTHOQA Eggs and Hosts touched wiph Water 

Hosts touched 

with egg Hosts touched 

Exp contents with water < 

1 14 11 

2 13 12 

3 13 12 

4 10 16 

Total 60 60 

Exactly equal numbers of attacks were made on the treated hosts and 
on the hosts touched merely with water The attacks on both groups of 
hosts were of normal duration and in most cases gave rise to adult parasites 
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in the next generation From this result it is clear that Trtchogramma does 
not avoid hosts bearing the smell of their exuded contents and therefore 
cannot be said to reject parasitized hosts on that account 

It appears that the deterrent odour must be one supplied by the parasite, 
not by the host A smell might be left by Tnchogramma (1) as it walks 
on the host in the process of examination, (2) as it stmgs the host, (3) by 
la3Tng an egg m the host In the first case the feet of the parasite, in the 
second the ovipositor or its glands, in the third the parasite egg itself, might 
be the source of the odour Smce each of these three activities includes that 
which precedes it analysis must commence with the first 

To determme whether a second parasite could distinguish hosts which 
had been merely walked upon but neither stung nor oviposited m by another 
parasite, 13 Sitotroga eggs were fastened in squares 1 3 6, 12, etc , of the 
graph paper and a female Tnchogramma was introduced The parasite was 
allowed to examine each of the eggs m turn which it did in the manner 
normally preceding oviposition but just as it accepted an egg and was 
about to unsheathe its ovipositor, it was struck aside with a fine brush 
The duration of the examination was measured with a stop watch When 
each of the 13 hosts had been walked on in examination for at least 30 sec , 
the female weis removed In the intervening spaces 2 4, 11, 13 etc , were 
now placed 12 fresh eggs A second female was introduced and allowed to 
select 25 hosts for parasitization When one of the fresh eggs was selected, 
the parasite was allowed to consummate the attack and, when it had 
movt d off that host was replaced by another fresh one In the few cases 
when the parasite accepted a dirty ’ host one of the 13 walked on by the 
original female, it was pushed aside when it raised its abdomen to oviposit 
bnt the acceptance was counted as an oviposition With this techmque, the 
parasite always had about it 12 fresh hosts and 13 hosts which had been 
walked upon but not parasitized or stung Runmng notes were kept as 
in all these experiments of every egg touched, examined or attacked, and 
of the time and duration of each attack Since this turned out to be the 
crucial experiment of the investigation it was performed eight times, 
giving a total of 200 attacks In four experiments there were 13 “dirty” 
and 12 fresh hosts , and in the other four there were 12 “dirty ” and 13 fresh 
hosts The results are given in Table III 

Observations in the course of these experiments showed conclusively 
that the parasite was able to distmguish between clean eggs and those 
that had previously been walked upon by another female The ‘ dirty” 
eggs were approached and touched and yet, in nearly every case, were 
immediately rejected, while, m the first part of the experiment at least. 



63 


The Sense used by Trichogramma 

when the parasite had still plenty of eggs to deposit, the next “ clean ” host 
encountered was accepted and attacked The numerical result leaves no 
room for doubt of this discriminative ahihty The numbers of contacts with 
“ clean ’’ and with ‘ dirty ’ eggs were practically equal , and yet the number 
of “clean” eggs accepted and parasitized was 172, the number of ‘ dirty” 
eggs only 28 

Table III — Selection of Clean Hosts and Hosts previously 




WALKED ON BY ANOTHER PaRASITE 




Number of contacts 

Contacts 
with eggs 
already 

Acceptancea 

Rejections 


With 

With 

Of 

Of 

Of 

Of 


clean 

dirty 

parasit 

clean 

dirty 

clean 

dirty 

Exp 

eggs 

eggs 

i/ed 

eggs 

'ggs 

eggs 

eggs 

1 

34 

28 

4 

26 

0 

6 

28 

2 

43 

41 

3 

24 

1 

16 

40 

3 

44 

42 

K 

22 

3 

14 

39 

4 

41 

42 

3 

22 

3 

16 

39 

6 

49 

62 

6 

22 

3 

21 

49 

6 

26 

27 

4 

20 

6 

2 

22 

7 

46 

61 

16 

20 

6 

17 

40 

8 

64 

46 

7 

17 

8 

30 

38 

Total 

337 

329 

50 

172 

28 

121 

295 

From this series of experiments it 

can be concluded (1) that females of 

Tnchogramma are 

able to distinguish between clean hosts and hosts that 


have previously been merely walked upon not stung or oviposited m, by 
another female of their species and (2) that they avoid attacking hosts 
that have been walked on just as they avoid attacking parasitized hosts 

This result explains a difficulty m a previous experiment On p 60 
above, where the sense of touch was being investigated it was found that, 
when parasitized hosts were turned upside down, the parasite made a 
greater number of mistakes than when the hosts were left in their ongmal 
position This is now readily understandable for when the hosts wore, 
overturned, a part of the surfaces on which the previous parasite had 
walked was hidden, and their forraeily lower surfaces, on which the parasite 
had not walked, was exposed 

The foregoing experiment leads to the view that the means of discrimina- 
tion IS an external trace left by the parasite upon the surface of the host 
This view can be put to the test If the trace is external and is, as all the 
preceding experiments suggest of a chemical nature, it should be possible 
to wash it off The parasites should then no longer be able to discriminate 
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Expenments to test the hypothesis were performed as follows Trtcho- 
gramma females were allowed to walk upon 30 Sitotroga eggs, as m the 
precedmg experiment, for at least 30 sec , but not to stmg or parasitize 
them These 30 eggs were then washed with the tip of a soft brush and 
ample water Thirty fresh eggs, never walked upon, were washed in a 
similar manner but with a different brush and in different water Thirteen 
of the washed “dirty” eggs and 12 of tho washed “clean” eggs were 
exposed to a parasite in the now familiar manner, and the eggs that were 
parasitized were replaced as usual In order that no chemical trace should 
be transferred, three different brushes were used for the removal of the 
hosts attacked and tho replacement of the two kmds of new hosts The 
duration of each attackwas measured witha stop watch, and the experiment 
was contmued until 26 attacks had been made Two experiments were 
performed, with the results shown in Table IV 

Table IV — Result of Exposing Washfd Dirty” and Washed 




“Clean ’ Hosts to Tricuoohamua 






Average 
duration of 

Number 




Number 

attack 

aotually 



Exp 

attacked 

mm sec 

parnsitued 

Washed 

dirty 

A 

11 

2 17 

11 

hosts 

B 

13 

3 24 

13 




Total 24 

2 53 

24 

Washed 

clean 

A 

14 

2 29 

14 

hosts 


B 

12 

3 9 

12 




lotal 26 

2 46 

26 


Practically equal numbers of the washed “dirty” and the washed 
‘ clean” hosts wore attacked The duration of the attacks on the two kmds 
of hosts was the same The two kinds of hosts were actually parasitized 
and produced nearly equal numbers of adult parasites in the next genera 
tion The parasites, then, did not in any way discriminate between the 
washed “dirty” hosts and the washed ‘ clean” hosts 

It can be concluded that washing in water completely removed the means 
by which, in the precedmg experiment, the parasite was able to discnmmate 
between clean hosts and hosts that had been walked upon by another 
parasite The trace, then, is certamly external 

The fact that the means of discnmmation can be removed with water 
suggests, but does not prove, that the trace left by the parasite on the 
host IS chemical in nature The physical disturbance of washmg might 
remove mdications other than chemical traces from the surface of the host 
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Only a chemical substance however could be collected in solution and 
used artificially to protect clean hosts from attack as was done in the 
following experiment 

Two hundred females of Trichogramma were put mto a small clean vial 
and allowed to run about on the glass for 2 hr They were then knocked 
out of the vial and the glass on which they had walked was washed with 
a clean brush and a very small drop of water h ifty hosts of which 26 were 
smeared with this solution and the alternating 26 merely wetted with 
fresh water were exposed to a female parasite for 4 hr Fifteen dishes 
were used In 6 dishes the solution was used at full strength m 5 it was 
slightly diluted with a small drop of water and in the last 5 dishes it was 
diluted still more with 2 drops of water The results are shown in Table V 

Table V — Sklfotion of Hosts Smeared with Solution from a 

SiTBPACE THAT HAS BEEN WALKED UPON BY TrICIIOORAMMA AND 

OF Hosts Wetted with Water 

Hosts Hosts Total 

smoarod wette 1 number 

w th with of hosts 

D sh solut on water parasitized 

Solutonat 1 1 13 14 

full strength 2 118 19 

3 0 21 21 

4 2 10 21 

6 1 22 23 

Total 6 93 98 

Solution at 1 1 14 15 

first dilution 2 4 11 16 

3 2 16 18 

4 5 14 19 

5 3 18 21 

Total 16 73 88 

Solution at 1 6 4 9 

second dilution 2 7 9 16 

3 9 13 22 

4 11 11 22 

5 8 16 24 

Total 40 03 93 

It 18 clear from the numerical results that the parasites avoided the hosts 
that had been smeared with the solution and further that the discnnuna 
tion decreased as the solution was diluted The fact which emerges from 
this experiment that the deterrent substance is left by the parasite not 
only upon hosts but also upon the general surface on which it walks will 
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be discussed later The point of interest here is that the substance can be 
collected in aqueous solution and applied to clean, healthy hosts, which 
are thereby protected from attack 

It IS to be concluded that the trace which is left by females of Tncho- 
gramma upon surfaces on which they have walked, and which is recognized 
by other parasites that follow them, is chemical in nature 

Two lines of investigation have converged to meet and agree at this 
point of the argument A process of elimmation, followed in the first part 
of this paper, indicated that the chemical sense was the one used in the 
discnmmation A direct study of the trace left by the parasite upon the 
host, pursued in the present section, shows that trace to be chemical in 
nature 

From all the preceding experiments the general conclusion can now be 
drawn that Tnchogramma distinguishes clean hosts from those that have 
been merely walked upon by another female (and, so much the more, from 
those that have been parasitized) by means of its sense of taste-smell, 
which perceives a chemical trace left by the parasite on the surface of a 
host upon which it has walked 

Thk Second Discriminative Sense 

In the two oxpeiiments summarized in Table IV, hosts that had been 
merely walked upon by Tnchogramma, not attacked or oviposited in, were 
washed and then, together with an equal number of clean hosts, were 
exposed to a parasite That parasite accepted them and parasitized them 
without any discrimination whatsoever, whether of selection, of duration 
of attack, or of effectiveness of the parasitism The question naturally 
arises, “ What would have been the result if those hosts had been not merely 
‘dirty’ but actually parasitized? ’ That question is answered by the 
following experiments 

Females of Tnchogramma were allowed to parasitize 30 eggs of Sxtotroga, 
which were then washed with a soft brush and ample water Healthy eggs 
from the same lot were washed in a similar maimer but with a different 
brush and in fresh water Thirteen washed parasitized and 12 washed 
healthy eggs were now exposed to a parasite, and substitution of those 
attacked was carried out in the usual way The duration of each attack 
was measured with a stop-watch The experiment, it will be noticed, was 
identical with that described above, with the single exception that hosts 
that had been actually parasitized were used instead of hosts that had been 
merely walked upon The experiment was repeated four tunes, twice with 
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13 parspsitized and 12 healthy hosts and twice with 12 parasitized and 
13 healthy hosts The results are given in lable VI 

Table VI — Rbsux/t of bxfosino Washed Parasitized and Washed 
Healthy host to Trichoou iaima 



Txp 

Number 
attache 1 

Average 
duration of 
attack 

mm sec 

Number 

actually 

parasitized 

Washed parasitized 

A 

11 

1 23 

1 

hosts 

B 

11 

1 44 

1 


C 

13 

1 25 

0 


D 

16 

1 20 

1 


Total 

60 

1 30 

3 

Washed hosJthy 

A 

14 

3 20 

13 

hosts 

B 

14 

3 34 

13 


C 

12 

2 39 

12 


D 

10 

3 2 

10 


Total 

60 

3 13 

48 


Exactly equal numbers of attacks were made on the washed parasitized 
hosts and on the healthy hosts This result corroborates that of the previous 
experiment and shows that the parasite was unable to discriminate ex 
temally between healthy hosts and parasitized hosts that had been washed 
But the sequel took quite a different course In the former experiment 
the attacks on the two kinds of hosts were of the same duration In the 
present experiment 46 of the attacks on the washed parasitized hosts were 
abnormally short In all but 4 cases they were abruptly terminated im 
mediately after the ovipositor had penetrated into the host The parasite 
seemed to discover after tnaerlxng tla ompontor that the host was already 
parasitized and quickly withdrew its sting and left On the average the 
50 attacks on healthy hosts lasted 3 mm 13 sec the 50 attacks on washed 
parasitized hosts only 1 min 30 sec 
Moreover in the former expenment the two kinds of hosts were both 
actually parasitized In the present experiment although the washed 
healthy eggs were actuaUy oviposited in by the second female the washed 
parasitized eggs were not The 60 washed parasitized hosts that were 
attacked a second time were at once examined microscopically for parasite 
eggs Only 3 of them contained two eggs of Tnchogramma the other 47 
contained only the one laid in them by the oiiginal female 

Irom this senes of expenments three conclusions can be drawn 
(1) Washing removed the external traces of parasitization and the parasite 
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waa no longer able to disonminate externally between the healthy and the 
parasitized hosts (2) Nevertheless, the parasite was still able to distinguish 
between healthy and parasitized hosts when it hswi inserted its ovipositor 
into them (3) There are, then, two different senses involved One enables 
the parasite to recognize an external trace and thereby inhibits attack , 
the other enables the parasite to distinguish an internal difference and 
inhibits oviposition 

This result serves to explain an observation made in the course of 
experiments already published (Salt 19346, p 464) and also above 
(p 60) that, when Tneftogramma makes a mistake and attacks a host 
already parasitized it usually withdraws its ovipositor prematurely and 
goes off without laying an egg In those cases clearly it was this second 
discriminative abihty that came into play 

Further, the result has the effect of invalidating an exponraent described 
at the beginnmg of this paper In the first series of experiments in which 
sight was elimmated by the demonstration that superparasitism is avoided 
even in darkness it might have been that this second sense was being used 
The parasite might have gone about in the darkness attacking healthy and 
parasitized hosts indiscnmmately but, by premature withdrawal, have 
avoided laying two eggs in one host Sight, m short, is not ehmmated as 
the sense used m the external discrimmation of hosts One further experi 
ment, therefore is necessary 

Twenty five eggs of SUotroga were fastened in alternate squares of a 
piece of graph paper in an area ^ in square, and a Trxchogramma female 
was allowed to examine but not to attack them When all had been walked 
upon, the parasite was removed and 26 clean eggs from the same lot were 
placed m the intervening squares There were now 60 eggs present, all of 
which were unparositized but of which 26 were ‘ clean” and 26 were 
‘ dirty” A female parasite was introduced and the dish put immediately 
into the meubator in complete darkness After 4 hr the parasite was 
removed and the dish was returned to the incubator for the eggs to develop 
The parasitism was observed on the fifth and subsequent days Five 
experiments were performed with the results shown in Table VII 

Since the ‘ clean ’ and the ‘ dirty ” hosts were present in equal numbers 
and equally exposed to the parasite, if no external discmmnation had 
occurred equal numbers of the two sorts of hosts should have been para 
sitized In fact, however, 82% of the hosts attacked were “clean” It is 
clear that Trxchogramma was able to distinguish “clean” and “dirty” 
hosts in complete darkness Sight, therefore, is not necessary for the external 
discrimination 
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Tablb VII — Rbsult of exposing 25 “clean” and 25 “dirty” hosts 
TO 1 FEMALE ThICHOORAMMA FOR 4 HR. IN COMPLETE DaRKNESS 



Total number 

Number of 

Number of 


of hosts 

“clean” hosts 

“dirty ’ hosts 

Exp 

parasitized 

parasitized 

parasitired 

A 

16 

14 

1 

B 

19 

10 

3 

C 

19 

16 

3 

D 

20 

17 

3 

E 

20 

13 

7 

Total 

93 

76 

17 


To sum up Trtchogramma is able to distinguish parasitized from healthy 
hosts by means of two faculties The first is its sense of taste smell which 
perceives a chemical trace left on the surface of a host that has been 
parasitized or even merely walked upon by another female The second 
enables the parasite to recognize a parasitized host even when the trace 
has been washed off, but only after inserting its own ovipositor into the 
host The first faculty receives its stimulus from the exterior of the host 
and inhibits attack , the second receives its stimulus from the mtenor of 
the host after attack and inhibits oviposition Both, of course, operate so 
as to avoid superparasitisra 

Additional Observations 

The principal object of this investigation is already attained, but there 
are one or two subsidiary problems that come naturally to mind and that 
must be dealt with before the study can be considered complete 

The evaporation of the external odour — In each of the first four experiments 
summanzed in Table III, the selection by the second parasite followed the 
walking of the first immediately, without any more pause than was necessary 
to place the clean eggs m the intervening squares Each of the last four 
experiments was performed with an interval of 1-3 hr between the two 
stages It IS noticeable that the discnmination was less perfect in the 
second group This suggests that the chemical trace left by the parasite 
on the surface of the host is volatile 

To examme the matter more critically, an experiment was performed 
in which the “dirty” hosts were placed m the air current from an electric 
fan for 2J hr before the second part of the expenment began This time 
16 “clean” and 9 “dirty” hosts were attacked Of the contacts with 
“clean” hosts, 59% led to oviposition, of those with “dirty” hosts, only 
29%. The second parasite wm still able to discnmmate to some extent. 
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but the number of “ du:ty ” hosts accepted was greater than m any previous 
experiment 

It is clear that the chemical trace disappears from the hosts after a tune, 
and so leaves the parasite without its means of external discrimination 
Since the chemical substance is so volatile, it may be looked upon m an 
odour 

In connexion with the evaporation of the odour, it is important to 
remember that in the above experiment and in those of Table III, the 
original parasite was on the host for only about 30 sec , only one-sixth of the 
time it would have remained there if it had been allowed to proceed with its 
oviposition The odour on parasitized hosts, on which the parasite has stood 
for about 3 min , persists much longer, as is shown by the following 
experiment Fifty hosts actually parasitized by Tr%chogramma were placed 
in a large constant temperature room at 18® C and exposed to the air so 
that the odour upon them might evaporate A number of healthy hosts 
from the same lot were placed with them but in a closed container After 
24 hr and again after 48 hr , experiments were performed m which 13 para 
sitized and 12 healthy hosts were exposed to a parasite and those attacked 
were replaced as usual After 24 hr , 6 mistakes were made in 26 attacks , 
a greater proportion than when there was no such intervening penod 
(of Salt 1934 6, Table V) After 48 hr , 8 mistakes were made in 26 attacks 
The external discrimination, then, persisted to some extent for i days, but 
became less perfect as time went on The internal discrimination, however, 
remamed unimpaired, and four of the five wrong attacks m the first expen 
ment and all eight in the second were followed by premature withdrawal 

From this section it appears (1) that the chemical trace left by the 
parasite on the surface of the host gradually disappears in time and there 
fore can be called an odour, and (2) that the amount of the odour left by 
a parasite is roughly proportional to the length of time the parasite is on 
the host 

The nature of the odour left on the host — The question of the nature of the 
substance left by the parasite on the host ultimately requires a chemical 
answer, but, on account of the small size of the animal and the minute 
quantity of the substance distributed, no immediate chemical analysis is 
likely Biological suggestions are afforded by the following experiments 

A large number, 1600-2000, of parasites were cooled to 8° C to render 
them immobile, and were then easily collected on a damp brush and put 
into a drop of water in a vial They were thoroughly washed m this water, 
some of them probably being crushed in the process, for the fluid took on 
a pinkish tinge Of 60 eggs of Sitotroga, arranged on the graph paper 
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^ m apart as usual half were smeared with this fluid The alternate hosts 
were touched with fresh water on a clean brush A parasite was put on the 
60 hosts for 4 hr at 25° C The experiment was repeated five times A total 
of 109 hosts were parasitized 66 of those smeared with the fluid and 54 
of those merely wetted with water There was then no avoidance of 
the hosts smeared with a fluid bearing the general body odour of the 
parasite 

On the other hand experiments described on p 65 above show that 
if glass on which a number of parasites have walked is washed and the 
solution obtained is applied to healthy hosts those hosts are avoided as 
though they were parasitized Ihis demonstration that the parasite dis 
tributes an odour upon the general substratum on which it walks will be 
corroborated and used by Dr J Lamg in a forthcoming work on the finding 
of hosts by parasites Here it is to be noticed that the substance that 
inhibits attack although not obtained by washing the parasites themselves 
18 readily obtainable from a surface on which they have walked 

Three parts of the parasite its antennae its feet and its ovipositor 
touch a host that it parasitizes and might bo the source of the odour The 
ovipositor has been ruled out by the experiments desenbed above (p 6a) 
in which the parasite walked on hosts and tapped them with its antennae 
but was not allowed to touch them with its ovipositor The antennae are 
larg ly ruled out by thi experiment desenbed on p 65 because when 
walking on glass the parasite gives the surface only an occasional tap not 
at all like the rapid palpation given to a prospective host Although there 
IS no definite proof then the whole trend of this investigation suggests 
that the feet of the parasite are the source of the deterrent odour 

From this section it appears that the chemical trace left by Tnchogramma 
on hosts upon which it has walked is not the general body odour of the 
parasite but a more specific smell produced probabl\ by glands on the 
feet and distributed not only upon hosts but also upon the substratum on 
which the parasite walks 

The organs of discnminnhon Discnmmation between healthy and 
parasitized hosts is not exercised at a distance The parasite invariably 
touches the host before rejecting it This suggests that the chemical trace 
IS perceived only by actual contact and the questi m arises By what organ 
IS the discrimination achieved? 

The exammation of the host for its general suitability continues for a 
considerable time averaging about 30 sec The discrimination between 
healthy and parasitized hosts however is almost immediate If the egg 
IS to be rejected on the grounds of its previous parasitization the female 
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merely passes across it her examination, if it can be called that, lasting 
for 2 sec at the most, and usually less 

In that bnef examination, two parts of the parasite touch the host, the 
antennae and at least the prothoraoio feet The prevaihng idea that the 
antennae of insects are the principal receptors of olfactory stimuh (cf 
Marshall 1935) and the fact that the antennae of other Hymenoptera are 
known to possess a chemical sense (ants, Forel 1908 , honey bee, von Fnsch 
1919) suggest the antennae as the organs of discrimination in Trtchogramma 
But this cannot be taken for granted Contact receptors of chemical 
stimuli have been shown by Minnich (1921, 1926) to occur on the tarsi 
of Lepidoptera and Diptera, and close observation of the behaviour of 
Trtchogramma seems to implicate its feet The antennae touch the host 
first, but no observation has been made of a female that was actually 
seeking a host rejeotmg an egg after touching it with the antennae and before 
touchmg it with the tarsi In all observations made with this pomt m mind, 
the antennae and the feet both touched the host before rejection occurred 
In one case especially noted, the parasite palpated the host three or four 
times with the antennae while still standing on the substratum It moved 
forward and put only the prothoracic feet on the host, after which it 
immediately backed and went away 

On this |X)int no experimental evidence has been sought and the question 
IS raised only so that it shall not be too readily assumed that the antennae 
are the organs concerned in the discrimmation 


Discussion 

It IB now possible to give a general description of the maimer m which 
Trtchogramma discniumates between healthy and parasitized hosts Before 
parasitizing a host the female always examines it very carefully by walkmg 
forward and back and turnmg around and around upon it, tappmg it with 
the antennae In the course of that exammation, the parasite leaves on 
the surface of the host an odour which can be perceived by another female 
coming later By that odour the second parasite recognizes the host as 
one that has already been visited, and avoids attacking it agam If the 
external odour is removed, the second parasite is unable to exercise this 
moans of perception, and attacks healthy and parasitized hosts mdis 
cnminately At this pomt, however, another faculty comes mto play 
After mserting its ovipositor into a pari^itized host the female is agam able 
to perceive that it is already parasitized and, qmchly withdrawmg its 
ovipositor, goes off without laying an egg 
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The question posed at the beginning of this paper, “By what sense is 
the disonmination performed* ’’ must, therefore, be answered in two parts 
Tnchogramma first distinguishes healthy from parasitized hosts by means 
of its sense of taste smell which perceives an odour left by a preceding 
parasite on the surface of the host This failing the parasite uses a second 
means of perception, probably again a chemical sense, but this time con- 
nected with the ovipositor, which distinguishes between the contents of 
healthy and parasitized hosts 

This result had its first effect on the technique of this series of investiga- 
tions The discovery that Tnchogramma perceives and avoids hosts merely 
walked upon and not parasitized was made in February 1934 Since that 
time all experiments have been performed with carefully washed glassware, 
new graph-paper disks different brushes for the placing and removal of 
hosts, and several other precautions against contamination of the eggs or 
of the substratum by the odour of the parasites It is obvious that in any 
cntical work on the behaviour of Tnchogramma the keenness of its 
discriminative ability must in future be kept m mind 

The result of the present investigation makes intelli^ble some previous 
observations that have hitherto remained obscure It was shown m an 
earlier paper (Salt 1934 6) that CoUyr%a calcitrator and Ibalta letieospotdes 
are also, like Tnchogramma, able to avoid superparasitism Unlike 
Trichogramma, however, these parasites cannot reach their host to examine 
it with their antennae , Gollyna because its host, Cephas pygmaeus, is inside 
a wheat stem, Ibalta because its host, Strex cyaneus, is in the wood of 
oomferous trees In each case only the ovipositor can penetrate to the host 
This would suggest the operation of the second faculty, connected with the 
ovipositor, but Chrystal (1930 p 42) has observed that '' Ibalta, once she 
has used an oviposition tunnel, frequently crosses and recrosses it seeking 
for other tunnels in which to oviposit ’ He goes on to suggest ‘ It is 
probable, therefore, that she recogmzes those tunnels which she has already 
visited, and possibly she leaves some odour behind her by which other 
females are also furnished with this information ” This suggestion is given 
weight by the results now obtained with Tnchogramma Henceforth, when 
a parasite of burrowing hosts is found to avoid superparasitism, the occur- 
rence of a chemical trace on the surface of the plant is at once to be 
suspected 

In a recent paper (Salt 1936) it has been shown that, even when hosts 
are very scarce and superparasitism is rife, one or two hosts sometimes 
escape parasitization by Tnchogramma and emerge as larvae This escape 
of a few hosts, when there are theoretically more than enough parasites 
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present to annihilate them, is very important both to the student of animal 
populations and to the economic entomologist The present study shows 
how the escape may come about If a host is exammed by a parasite which 
then, either because it is disturbed or because it rejects the host, moves 
away without parasitizing it, that host is protected by its odour frbm further 
attack It was probably in this way, and not because they were not found 
by the parasites, that a few hosts escaped in the experiments of the paper 
cited above Perhaps hosts of other species escape parasitization m nature 
by a similar mechanism 

Finally, the result of this study serves to reconcile two groups of facts 
previously reported The conclusion of the second paper in this senes that 
ovipositing females of Trtchogramma are able to distinguish healthy hosts 
from those already parasitized seemed to indicate that this parasite has 
a highly developed faculty enabling it to select hosts suitable for its 
offspring The observation of the third paper, however that these same 
parasites accept and attempt to parasitize many kmds of false hosts quite 
unsuitable for their progeny provided only that those objects are of the 
nght size seemed to contradict that supposition and to suggest that the 
parasite has little or no ability to distinguish suitable from unsuitable hosts 
The present investigation shows that there is no inherent contradiction 
m those conclusions Ihe parasite accepts and tnes to parasitize false hosts 
if they comply with its conception of a host Similarly, it rejects and fails 
to parasitize true and unparasitized hosts if they bear the inhibitory odour 
left on them by a previous parasite In short, Trtchogramma selects its 
hosts by a senes of criteria which are not necessarily cntena of suitability 
There is no need so far as the analysis of this problem has yet gone, to 
postulate a mysterious instinct perceptive of host suitabihty 

An incubator and accessories furmshed by the Government Grant 
Committee of the Royal Society continue to be mdispensable for this work 
The later stages have been much aided by a grant from the Department of 
Scientific and Industrial Research which provides the assistance of Mr E B 
Basdcn Now, as before my thanks are due to Dr James Gray, F R S , 
for encouragement and help 


Summary 

It has already been shown that ovipositmg females of Trtchogramma 
evaneacens are able to distinguish healthy hosts from those already para 
sitized The present study deals with the sense used in the discnmmation 
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Sight heanng and touch are ehimnated and the chemical sense is 
indicated as the one used 

The parasite is able to distmguish between clean hosts and hosts that 
have been merely walked upon not stung or oviposited in by another 
female of its species If hosts that have been walked upon are washed in 
water the parasite can no longer distinguish them The means of discrimi 
nation is of a chemical nature and being volatile can be considered an 
odour 

If hosts that have been actually parasitized are washed the parasite is 
unable to distinguish them externally from healthy hosts and attacks them 
As soon as its ovipositor has penetrated into them however the partite 
becomes aware that they are parasitized and usually withdraws immediately 
without la3ring an egg in them 

Two different faculties then can perform the discrimination One 
recognizes an external odour and inhibits attack the other distinguishes 
an mtemal difference and inhibits oviposition 

The external odour passes off in time but the internal means of discnmi 
nation is lasting 

The chemical trace left on the surface of the host is not the general body 
odour of the parasite but a more specifio smell probably produced by 
glands on the tarsi It is Ic ft not only on hosts but also on the substratum 
on which the parasite walks 

Owing to its method of discnmmation the parasite sometimes mistakes 
healthy for parasitized hosts These therefore escape parasitization and are 
important m the population problem 

The paper affords a further demonstration that Tnchogramma selects its 
hosts by a senes of criteria which are not necessarily critena of suitability 
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Introduction 

Although for many yt ars the study of cytology has tended to concentrate 
attention more and more on the protoplast as the fundamental unit of the 
plant there can be no doubt that the membrane surroundmg this umt 
plays a part of considerable importance m its life processes The deposition 
of such a membrane by a process which is as yet quite obscure is obviously 
closely connected with protoplasmic activity and a detailed investigation 
of its structure is bound to lead to a better understanding of this connexion 
At the same time the shape and size of a cell are clearly due in some degree 
to the action of forces external and internal on the membrane so that a 
study of the structure of the plant cell wall should therefore also yield 
information of considerable importance in the solution of botanical prob 
lems concerned with cell elongation and growth Comparatively recent 
investigations carried out chiefly on plant fibres have shown that the 
most important component of cell walls from a structural point of view 
18 the polysaccharide cellulose This substance is known to occur in varying 
proportions in the walls of almost all plant tissue and its structure has been 
worked out chiefly by X ray and chemical methods with some degree of 
certamty Although much remains to be discovered of the organization of 
cellulose in the wall certain details are now quite clear Celluloses obtamed 
from many and varied plant sources have all proved to have essentially the 
same structure They exist only in the form of chains of /? glucose residues 
at least 500 A long (Hengstenberg and Mark 1928) bound together laterally 
by secondary valences to form a three dimensional lattice The conception 
of a definite micelle in the sense of Nfigeli is no longer widely held although 
the lattice is not uniformly regular throughout the wall The chains of 
cellulose are more probably bound together into ill defined bundles 
sepwated by regions in which they are not so perfectly onented 
[ 76 ] 
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This conception of the existence of cellulose m long molecular chains has 
arisen from the examination of the secondary walls of plants, but as yet 
no direct experimental determinations have been possible of its structure 
in primary walls where it is known to occur (e g in V%c%a faba, see Tupper 
Carey and Priestley 1922) Recent work (Preston 1934) on the tracheids 
of the conifer however, show that it is possible to carry over the idea of 
the long chain structure of cellulose even to these dehcate primary walls 

This widespread distribution of cellulose with essentially the same struc 
ture makes it possible to generalize results obtained on the wall of one type 
of cell to cover that of many other types and it is from this point of view 
that the work described below will be of mterest to botanists It is possible 
to make observations on the large cells of Valoma which imperfections of 
technique make impossible with the mmute cells of the higher plant 
Moreover accurate observation of the structure of the whole wall which 
can be made only on large cells such as this alga affords will probably 
yield results with an important bearing on the problems involved in the 
deposition of the cellulose wall at the protoplasmic surface 

Valoma is a member of the Siphonales (Fritsch 1935) characterized by 
its bubble like cells, which in some species may be two or three centimetres 
long and which are found in the warmer seas sometimes m apparently 
irregular clusters aud sometimes m the form of neat palisades Of the three 
species used m this investigation V ventrtcosa and V macrophysa form 
usually spherical or pear shaped cells which m the former generally occur 
singly, being larger than the proliferating cells of V macrophysa while 
V ulricularis proliferates freely givmg close clusters of cells which are 
relatively smaller and frequently somewhat elongated The bulk of the 
work to be described below has been carried out on V venlrtcoaa, although 
sufficient observations have been made on the other two species to show 
that their cell wall structure is essentially similar 

A bnef account of the morphology of the alga Valoma has been given 
m the first paper of this series (Astbury, Marwick and Bernal 1932), but it 
becomes necessary here to enlarge upon this outline The following summary 
18 based on Oltmanns (1922) and Fritsch {1935), to whom reference may be 
made for further details The cell may be imagined as a large bubble, often 
approximately sphenoal with a large vacuole and a thin hnmg of proto 
plasm Imbedded in this lining are to be found numerous nuclei, while 
further away against the cell wall occur the chromatophores, in the form 
of plates of irregular outline often united to form a network and frequently 
contaimng pyrenoids The protoplasmic lining is in turn completely sur 
rounded by a comparatively thick wall, consisting chiefly of cellulose 
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Valcmta is a coenocjrtic organism with the protoplast contamed m large 
vesicular cells, but minute cells are often formed as a result of accumula- 
tions of protoplasm in certain regions of the surface A strongly curved 
wall, shaped like a watch glass, is formed round such protoplasnuc masses 
giving a cell with a characteristic appearance This process gives two kmds 
of cells, larger ones which appear m the upper part of the cell, and smaller 
ones which occur particularly at the base The latter grow out into short, 
lobed, but single celled structures which form the holdfasts, while the larger 
cells on the upper part grow out into new bubble like structures which 
resemble the parent in every way, including the power of forming new 
cells 

The reproduction of colls by the formation of zoospores has been closely 
observed and described by several investigators The propagation of zoo- 
spores IS made obvious several days before their ejection by the various 
localized changes occurnng in the wall and protoplasm of the mother cell 
(Kuckuck 1902) The fertile plasma is not separated from the rest of the 
plasma by a wall as it is for example, in Vaucherm, Bryopsta, etc , but the 
vacuole is in direct commumcation with the outside environment at the 
time of spore ejection Previous to ejection, the wall is completely pierced, 
the opening being subsequently closed up and the mother cell regaining 
its onginal condition There seems to be no evidence that this spore 
formation takes place under any particular area of wall Certainly in the 
present research no disturbances in wall structure have been found such 
as one would expect o pnort from such openings in the membrane Either 
the cell under investigation had never produced zoospores or the perfora- 
tions are closed up in such a way as to leave no trace of their existence 

In the course of the work to be described below it has become clear that 
the wall structure of the cells of Valonta is strikingly similar to that of the 
fibres of the higher plant The wall is laid down in microscopically visible 
layers, which may be as many as thirty or forty in number, and the crossed 
cellulose chains previously described are found, as a result of taking 
numerous X ray photographs of the same cell, to bo portions of two com 
plote sets of chains traversmg the whole wall surface Of these two sets 
one forms a left hand spiral round the cell, while the other takes the form 
of meridians running from one pole of the spiral to the other At the two 
poles of the spiral, therefore, the typical X-ray photograph of Valonia is 
no longer obtamed, being replaced by a Debye Scherrer ring diagram 
Moreover, these two sets of chains correspond to the microscopically visible 
stnations in the wall and occur in separate layers rather than in the same 
layer The existence of the stnations in different layers had been already 
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indicated in the work of Correna (1892) and it has been verified during the 
present research The view put forward by Sponsler (1931) that the chains 
are definitely oriented about their axis, with the planes of 6 1 A spauimg 
always parallel to the wall, has been shown to be only roughly true The 
chains do tend to ho in this position, but there is a considerable dispersion 
Apart from the disturbances due to the poles of the spiral, the only 
breaks in the regularity of the wall structure occur at well defined places 
where “watch glass” cells have been formed At the holdfasts and at the 
scar left by the falling off of a bud cell the wall undergoes some modification 
The region of the holdfasts show a series of raised circular rims some 
^ ram diameter which present a crater like appearance under the micro 
scope when illuminated parallel to the wall surface The two sets of 
striations on the wall inside each nm are continuous with those outside it, 
although a piece of wall containing a nm gives a Debye -Scherrer rmg 
diagram m the X ray microcamera (see Preston 1934) Bud scars have a 
similar appearance, though on a much larger scale 


Striations and Wall Layers 

Although in the first paper of this series a conclusive demonstration was 
given of the correspondence between the directions of the stnations and 
those of the cellulose chains, it may not be out of place here to enlarge 
upon this point The results presented in this connexion will serve in 
particular to indicate the order of precision in the various interrelations 
between the cellulose chains, extinction positions, and stnations 

Observations have been made on the stnations on many pieces of Valonia 
wall taken from several cells and in only one case was there observed an 
obvious discontinuity m direction unaccounted for by a fold in the wall 
(special reference to this exceptional specimen will be made later) The 
constancy in direction of the stnations can readily be observed under the 
microscope m any piece of wall, although each striation is not equally 
visible at all points, and this necessarily implies that the angle between the 
stnations must also be constant While separate specimens have been 
obtained with mterstriation angles varying from 60° to 80° or more, the 
angle in any one specimen varies in a strikingly gradual fashion This will 
be clear from Table I, which gives a series of readings on a single small 
piece of Valonia wall The results of many measurements, of which Table I 
IS a representative sample, mdicate that in general the stnations travel in 
lines which are to a close approximation straight over a distance of several 
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imllimetres In particular, the area covered by the sht of the X-ray 
spectrometer (diameter 0-6 mm.) is uniform in this respect. 


Table I 


I 


2 

S 


h 


1 2 
83 6 ° 84 4 “ 

81 6 “ 86 6 ° 

83 6 ° 86 0 ° 

81 6 “ 86 2 ° 

87 0 “ 84 2 ° 


-1 mm intervals— 
8 

76 0 ® 

76 4 ° 

83 0 “ 

83 8 “ 

78 4 ° 


4 6 

84 2 ® 76 4 ® 

86 0 ° 74 6 ® 

83 6 ° 86 8 ° 

85 4 ° 84 8 “ 

86 2 ° 84 0 ° 


This remarkably uniform nature of the stnations alone would indicate 
that they are reflections of inner structural details of the wall, but a senes 
of observations was earned out on the X-ray spectrometer and under the 
microscope in order to demonstrate the correlation still more completely 
A method was used similar to the demonstration given m the previous 
paper Small areas, about the size covered by the sfiectrometer slit, were 
marked out on a piece of wall and the directions of the cellulose chains 
were determmed by the X-ray method These were plotted on paper 
together with the corresponding stnations and, wherever possible, the 
major extinction position In some cases the region examined consisted 
of “mosaic” areas (Preston 1931) too small to allow the determination of 
a representative extinction position , and in others one of the two sets of 
stnations was too indistinct for exact determination of its direction In 
spite of this, a sufficiently large number of observations was made to show 
conclusively that the sets of stnations are parallel to the cellulose chams, 
and that the major extinction position hes in the acute angle between 
them It IS tnie that in some cases there is a discrepancy of a few degrees, 
but we cannot expect exact agreement every time owmg to the frequent 
mdistinctness of one set of stnations. Bearmg this point m mind, the 
correspondence between the directions of cellulose chains and stnations 
IS found to be extremely close Typical results are presented in figs 1 a, b, 
from which several further conclusions may be drawn In every case, the 
more easily visible set of stnations corresponds to the set of cellulose chains 
giving the more intense diffraction spots The stnations not only indicate 
the directions of the two sets of cellulose chains, but they afford also a 
qualitative measure of their relative importance Again, the figure shows 
conclusively that the major extinction position lies in the acute angle 
between the cellulose chains, and always closer to the more important set 
This, of course, is what we should expect from the multi-ply structure 
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deeoribed below, a structure which is in effect a series of superposed bire- 
fringent plates with extinction positions not coincident Attention may be 
drawn specially to fig 1 5, representing a set of observations on neigh- 
bourmg areas of a piece of the wall In area A the major extinction position 
lies about 16° to the left of the more important set of ohams, while in C, 



Fio 1 a — Diroctiona of cellulose chains and striations on arbitrary pieces of Valonut 
wall 

3 mm away, it lies some 30° to the right B, on the other hand, represents 
the only observed specimen m which an abrupt change occurred in the 
direction of the striations At this point there existed a definite boundary 
between two areas, each with its own striations From A to the “frontier ” 
the striations behaved normally, but in this region they changed over 
abruptly to those in C, and the extinction position altered simultaneously in 


Voi. exxn— B. 
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o corresponding manner The change in the direction of the striations 
corresponds to a similar change in that of the cellulose chains and there 
can be no doubt that the direction of the extinction position at any point 
IS deterimned partially by the direction of the chains 

Areas D and L are no less interesting from another pomt of view 
Although each piece consisted of mosaic areas much smaller than the area 
included in the X ray beam and the major extinction position varied over 
a considerable angle from oni mosaic aiea to the next only the usual two 
sets of cellulose chams and striations could lie detected It is therefore 
obvious that the direction ot the major extinction position is determined 
not only by the directions of the cellulosi c hams but also by the pioportions 
of the two sets present m the wall thickness One small area in L showed 
a major extinction position exactly parallel to the more obvious set of 
striations (which was unusually pronounced compared with the second sit 
in the area) this paiticular area therefore was structurally different from 
the icst of the wall in that one set of chains was almost entirely absent 
ihe majority ofthe mosaic areas however undoubtedly aiisc from varying 
proportions of two w ts of chains in the wall thickness and this single case 
reprcsi nts one of the limits of variation Perhaps a point raised in the 
jirevious paper may again be emphasired Any work on biological struc 
tures carried out under the polarizuig microscope alone must be regarded 
with suspicion until confirmatory evidence has been obtained such as is 
aflorded by the X ray method 

We have therefore a wall lonsisting of many micioscopically visible 
layers and corresponding to a network of cellulose chams makmg an angle 
of some 80 ° with each other ( omplete understanding of such a structure 
18 obviously impossible without an investigation of that of the individual 
layers — to decide whether even the finest layer has a structure similar to 
that of the whole wall or whether the wall is composed simply of more or 
less alternating layeis each with only one direction of cellulose chains 
The work of Torrens (1892 quoted from van Iterson 1933) supports the 
latter alternative Correns concluded from careful microscopical examma 
tion that the odd layers had one set of striations while the even layers had 
the other If this is true then any one layer cannot have everywhere the 
same thickness The directions of the extmction positions vary from pomt 
to pomt a change which is necessarily connected with the relative amounts 
of the two sets of chains If then the same number of layers of each kmd 
are present m two neighbouring mosaic areas their relative thickness must 
vary 

This work of Correns has now been verified by physical mdbns As vet 
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no direct tests of the structure of a single lamella have been possible 
Extremely thm lamellae can be stripped from fresh cells, but even these 
fail to show any indication of a structure different from that of the whole 
wall It has not yet been found possible to strip off a layer with a single 
set of chains On the other hand, indirect evidence does certamly support 
the work of Coirens 

As shown by van Iterson, .Jr (1933), pieces of Valonta wall can be tom 
in such a way that the tom edge exhibits a fringe of fibrils Here and there, 
the otherwise straight edge of the wall is interrupted by sets of these fibrils 
pulled out from the wall van Iterson gives a drawing showing a small 
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piece of wall standing out from a torn edge and with such a fringe of fibrils 
This small piece shows only a single set of striations, which in the drawmg 
are obviously the origin of the fibrils, and is therefore a single layer m the 
present sense It has been found impossible to repeat this observation 
exactly Many pieces of wall have been subjected to a treatment similar 
to that of van Iterson, but m no case was it found that the fibrils at the 
torn edge originated from the set of striations perpendicular to the edge 
On entering the wall the fibrils obviously turned through a considerable 
angle, and finally were lost among the striations parallel to the tom edge 
Fig 2, Plate 1, makes this clear It would seem that the fibrils perpen- 
dicular to the tom edge are the first to break, leaving the two pieces joined 
together by the lateral fibrils which are then pulled out before breaking 
In fig 3 18 given a diagrammatic representation of a second type of 
observation that may be made at a tom edge Such an edge often shows 
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a terraced effect due to the stripping off of various numbers of wall layers 
The portion of wall illustrated is a particularly interesting example of such 
a phenomenon Three distinct regions can be seen A which represents the 
whole wall thickness B where only a few layers are left and C which is 
probably a single layer It is unfortunately impossible to present an actual 
photograph of this specimen siiue attempts completely to flatten the wall 
for distmct focusing in the camera caused this part to break up into fibrils 
The stnations and extmction positions marked m the figure however make 
it quite clear that the removal of several wall layers has caused a change 
in the orientation of the major extinction position and that in the region 
C the layer consists of a single set ot cellulose chains There can be no doubt 
that the layers are not identical with one another and wo may fairly 
conclude that their structure is distinct from that of the whole wall in that 
each 18 built from one set of cellulose chains Jhe whole wall is composed 
of a aeries of superimpose d layers each with its own ee llulose chain direction 
ilnis it would seem that m Valonia both stnations and layering are 
dehiiitoly related to structural details in the wall Now although the 
external form of the Valonia cell is widely elifferent from that of the fibres 
of the higher plant the structure of its wall is essentially the same This 
will be clearly demonstrated below Ihe present results therefore give 
further support to the ge noially accepted view that in general whenever 
stnations are visible on the walls of tells of the higher plant (o g phloem 
fibres xylem fibres and f racht ids cotton haii s) the y are not merely artefacts 
but correspond closely to tht structure of the walls ihis is undoubtedly 
true for the walls of eeitain tonifer tracheids since Frey Wysslmg (1930) 
has observed stnations {larallel to the majoi extinction position which in 
turn have been shown to be paralkl to it llulose ehams (Priston 1934) 
ihe exact significante of the stnations and layering of the plant cell wall 
has been the centre of considerablt discussion for many years Many cases 
of ctll walls with crossed stnations have been quoted notably by Reimers 
(from Steinbrinck 1927 and Hor/og and Jane ke 1928) These observations 
refer almost cxclu SI vtly to phloem fibres (t g of hemp hop ramie flax) 
in w hich the wall layei showing one of the sets of stnations usually pre 
dominates The conctption of Nageli that tht apjiearance of stnations is 
caused by regions of high and low watoi content has been rejected by 
Dippel (1879) Schmitz (1880) Strasburger (1898) and Krabbo (1887) 
who agreed that in phloem fibres the stnations are merely distorted contact 
faces between adjacent screw bands in intimate contact These authors 
also contested Nkgeli s observation that two sets of stnations can appear in 
one layer of the wall Their view of the origin of stnations has in turn been 
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rejected by Correns ( 1 893) as physically impossible he is of the same opmion 
as Nftgeli Wiesner (1892) again put forward a third hypothesis in which 
the wall 18 composed of Dermatosomes which aggregate to form both 
hbnls leading to striations and layers He considered these Dermato 
somes to be separated by layers of some protein or its derivative a 
residue of the original protoplast of the cell but repeated experiments by 
( orrens have failed to show any trace of protem in the wall The primary 
cell walls of plants ceitamly contain a protein complex (Tupper Carey and 
Pnestky 1923) but there seems to be no evidence for any considerable 
amount of protein in the secondary layers such as are under consideration 
here 

There can be little doubt that the effect of difference in water contint 
on the visibility of layers and striations is only of secondary importance 
and IS inseparably connected with a difference m chemical constitution 
Hiss Ludtke and others (van Iterson 1933) have been led on the basis 
of swelling expenments to the assumption of partitions of non cellulosic 
substances between the wall layers and even the fibrils and the fact that 
this conception fails to account tor ot rtain phenomena does not invalidate 
their argument outright It is interesting in this lespect to note that I arr 
and Lekerson (1934) have reemtly observed in the protoplasm minute 
bodies which they describe as cellulose particles surrounded by a layer of 
pectin although the signihcanci ot this observation is perhaps open to 
question (Bailey and Kerr 1935) At the same time the view that stnations 
are duo merely to the separation of hbnls by less perfectly oriented regions 
of tlu same composition cannot be entirely disregarded 


Ihe Oroanization of Till Wall as a Whole 

None of the observations presented above suggests any fundamental 
difference between the coll wall of Valonui and that of the fibres of the 
higher plant in spite of the difference in cell size and the correspondence 
IS again evident when we comt to consider the details of the organization 
of the wall as a whole 

The modification of wall structure which must occur at the tips of cells 
whose walls are wound with a molecular spiral has hitherto been a point 
of mere conjecture and any mvestigation throwing light on this subject 
cannot fail to bo of considerable value Ihe opportunity was taken there 
fore of carrying out a survey of the whole Valonia wall The uncertam 
visibihty of the wall striations made it impossible to follow microscopically 
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their directions uninterruptedly round the cell so the investigation had 
to be earned out by X rays 

A herbanum specimen of V venirtcom collected at St Croix and sent to 
us by Borgeson to whom our thanks are due was emptied of its contents 
through a small perforation Into this perforation a hne glass capillary 
tube was inserted and fastened in place by a mmute nng of cellulose cement 
whence by alternate emptjiung and filling of the cell with distilled water the 
remains of the protoplast etc won finally ejected Incrustations clinging 
to the outside of the wall were n moved by subsequent treatment with 
N/20 HCl When dry the cell was sufliciently rigid to be mounted on the 
X ray spectrometer by clamping the capillary tube to a brass arm with 
a universal joint By careful adjustment any part of the wall could thus 
be set perpendicular to the X lay beam In ordei to obtain reference lines 
whereby the directions of tht cellulose chams as given by the X ray 
photograph could be transferred to the cell itself the following procedure 
was adopted The cell was mountid on a spindle by means of which it 
could be rotated and raised through measured distances and a series ol 
lines some 3 mm apait and foimmg complete circles round the cell was 
traced m Indian ink using a modification of the usual inkmg system of 
baiographs etc A pair of straight wire s was the n attached to the spei tro 
meter so that they could be set paralh 1 to that part of a Ime on the cell 
nearest to the area under examination and would cast a shadow on the 
photographic film In general this area under c \amination was arranged 
just to touch the spectrometer slit while the photographic film was placed 
as near to the otht r side of the cell as [lossibk It was the n quite a simple 
matter to differentiate between the diffraction spots produced by the two 
opposite sides of the cell (see hg 4) 

In order to obtain a map of the whole wall a method was used similar 
to the familiar lines of force method of mapping magnetic fields The 
chain directions were determined at an arbitrary point in the wall and were 
then drawn upon the wall Now pievious experience had shown that the 
direction of cither set of chams was almost constant over a length of 1 J mm 
A second point was therefore chosen mm from the first in the direction 
of one of the sets of chams and the directions again determmed Ihis 
proct ss was continued round the cell using only one set of cellulose chains 
In general no difficulty was experienced m deteinunmg which of the two 
directions at a new point corresponded to the one Ik mg trauied an> un 
certainty where it arose being entirely removed by the investigation of 
mtermediate points 

A startmg point was chosen about midway between the base and tip 
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of the cell, where one set of chains was found to he approximately along a 
line joining the tip and the base On following this direction, the chams 
were found to form a groat circle round the cell, passing amongst the hold 
fast scars and across the cell apex Unfortunately, the value of this set of 
observations was somewhat reduced by very considerable dispersion of the 
X ray diffraction sjxits in certain regions, particularly near the holdfast 
scars and the cell apex Investigation of the second set of chains however, 
confirmed this result in a very striking manner At each point on this 



Fro 4 — Illnatratmn the inetliul of trannftiiing cillulose chaui directions from the 
photograpluc film to the coll itsolf A bpcttromclor slit li Valon a ctll C two 
parallel wires D and E iliffractioii spots produced by the part of the wall nearer to 
and further fri rn the slit resjioctively F shadowa cast by tho wires C 

second track both directions of cellulose chains were marked in mk upon 
the wall although only one of them was followed The second chain direction 
was thus found to make a slow spiral lound the cell the turns of the spiral 
becoming smaller as the apex and base of the cell were approached until 
finally both at tho apox and the base a point was reached where the X ray 
photograph characteristic of Valonia was no longer obtained Both pomts 
were strictly locahzed and gave a photograph consisting of a senes of rings 
such as 18 obtained from a crystallmo powder It is important to note that 
these two poles”, as they may bo termed were discovered not by accident 
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or by a method of tnal and error, but by painstakmgly following the spiral 
set of chams round the wall They would appear to be produced by the 
wall deposition mechanism of the plant rather than by any local, accidental 
change m environmental conditions A model of the structure of the 
Valonia wall is shown in fig 6, Plato 1, in which one “pole” can be seen 
towards the upper end The X-ray photograph of this “pole ” is reproduced 
in fig 0 Plate 1 It may be pointed out that the second set of chains 
recorded at each point of the spiral may be linked up with chains imme 
diately above and below and that the circles thus obtained form, so to 
speak ‘ meridians” uniting the two “poles” Whether it is an invariable 
rule that one set of chains always forms groat circles uniting the tip and 
base of the cell, as in the present case, is not yet clear A decision on this 
point IS best made upon a long, narrow, cylindnoal cell and only one of 
this type was available In this one specimen, however, one set of chains 
was observed to run approximately along a “meridian ” at all points of the 
wall winch were investigated Wo may thus picture the Valonia cell wall 
as consistmg of two crossed sets of cellulose chains, one running in great 
circles (possiblv always from base to tip and back), and the other forming 
a slow spiral round the cell axis joining the two points of mtersection of 
these great circles 

It has been pomt<*d out above that at the base of the cell, near one of 
the poles”, there occurs some disturbance in the otherwise regular ap- 
pearance of the wall surface In this region clusters of raised, rim like 
structures may be observed which obviously mark the sites of previous 
rhiroids (holdfasts) In some few cases m the specimens available the 
rhizoids can still be seen attached to the cell in the form of long narrow, 
and hollow cylmdtis widening into trumpet shaped attachments at the 
pomt of connexion Such a rhizoid may lie seen in the photomicrograph 
of the surface of the basal region of a cell shown in fig 7, Plate 2 The 
preparation shown in this figure was stained in methylene blue to bring 
out the fact, which is perhaps moio obvious m cross section, that the wall 
IS miu h thinner inside the rims than outside This no doubt explains the 
X ray photograph obtainc d in t heso rhizoids If we choose a rim of such 
a diameter as just to be included in the X ray beam then the X ray 
diffraction pattern obtained appears to arise solely from the nm Although 
the wall inside the nm seems to be identical in structure with that outside, 
and the striations on it are continuous with those on the rest of the wall, 
its thickness is so small compared with that of the nm itself that its X ray 
photograph does not mask that of the nm The X ray microphotograph 
of such a nm was found to consist of a senes of concentric rings, indicating 
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random arrangement of the cellulose particles This is exactly what we 
should expect from consideration of cross sections of the wall Fig 8 , 
Plate 2 , 18 a photomicrograph of such a cross section Here the remains 
of a rhizoid are seen clinging to the wall (on the left) and located imme 
diately above a small cell cut off from the parent The whole structure is 
filled with small granules which appear to be plastids surrounded by a 
comparatively thick layer of starch, and may perhaps play a part in the 
development of the rhizoid It is clear from the photograph that the raised 
rim seen in surface view consists merely of a ring of the outer layers of the 
wall turned on edge, and the X ray photograph is m effect that of a cross- 
section of a cylindrical holdfast 

The structure of the rhizoids as illustrated in figs 7 and 8, Plate 2 , 
and by the X ray microphotograph, is m complete agreement with the 
descriptions given by other workers (Famintzin i860, Borgesen 1905) 
It 18 quite clear that the cylmdrital outgrowths originate as small cells cut 
off on the inside of the “mam ’ vesicle by surrounding a small collection 
of the necessary plasma masses by a strongly curved subsidiary wall, 
before the deposition of the wall of the mother cell is complete As more 
and more layers are deposited over this ‘ watch glass ’ wall, by the con 
tinuous deposition of new wall substance by the parent coll, it becomi s 
eventually buried 111 the wall Tt may well be that the wall on the outside 
of this small cell is then considerably thinner than that on the innei side 
At the same time it must be noted that the inner wall borders, not on the 
open sea but on a virtuall> ineorapressible mterior supixirtt d by compara 
tively firm walls It is not surprising thorefon , that if the watch glass ’ 
cell begins to expand the expansion takes place towards the outside This 
would explam the formation of both rhizoids and bud cells on the outside 
of the parent plant Here however we meet with a difficulty Whereas 
tho bud cells are usually almost spherical in form, rhizoids are always 
produced as long narrow cylinders Hitherto no explanation of this 
divergent behaviour of essentially similar cells has been possible Now that 
the wall structure of the plant has been determined, we find that the 
rhizoids arise from regions of the wall adjacent to tho poles of the spiral, 
and it IS not unreasonable to suppose that the difference in behaviour of 
“ watch glass ” cells is connected with the difference m wall structure Such 
a connexion could, of course be traced only in the vaguest terms at present, 
and its investigation is a subject for further research 
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Relation of Celli iose Chains to Wall Sueiace 

It has been mentioned already that the conclusion arrived at by Sponsler 
(1931) that in Valonia the planes of 0 1 A spacing he parallel to the wall 
surface is only partly justified In the course of the present research it 
became clear that any X ray results obtained from blocks built up by 
superposing many pieces of the wall an liable to be misloatimg It was 
thought advisable therefore to reinvestigate the question of the angular 
dispersion of the cellulose chains usmg singlt pieces only To this end a 
small area of wall was selected on which one set of stnations predominated 
and whose X ray photograph showed a preponderance of one stt of chains 
over the other big 9 Plato 2 is an X ray photograph of the area chosen 
one set of reflexions is so much more intense than the other that for the 
purpose of studying its angular dihjierHion the weaker set may be dis 
regarded 

The moat diioct method of demonstrating the angular dispersion of tlu 
cellulose chains is illustrated by th< photograph shown m fig 10 Plate 2 
for which the flat piece of wall was mounted horizontally on the sptetro 
meter with the mam set of chains parallel to the X ray beam Tf now as 
SponsUr suggested the ct llulost chains had been lying in only one onenta 
t ion round their axis not arcs but spots as definite as those in fig 0 would 
have appeared m the photograph The photograph reveals in fact quite a 
considerable dispersion for both of the inner sets of arcs (corresponding to 
planes of spacmg 6 1 and 6 4 A) can be traced round a complete circle 
The intensity however certainly does decrease rapidly at fairly definite 
limits and roughly speaking it may be said that the normal to the plane 
of spacing 6 1 A IS confined to about 60° on either side of the normal to 
the wall surface 


Disn ssioN 

The remarkably regular organization of the wall of such a large cell as 
that of Valonia is perhaps the most interesting result of this research The 
fact that the cell has a structure fundamentally similar to that of the 
minute fibres of the higher plant serves once more to emphasize the essential 
unity underlying biological phi nomena It has long been a question whether 
coenocvtic cells such as wi have under examination here could be n gardod 
as single units comparable with the protoplasts of highei plants containing 
but a single nucleus but as regards the wall at least there can no longer bo 
any doubt about this The wall of Valonia would appear to be just as 
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umform m structure as that of uninucleate cells and can be regarded only 
as that of a single cell 

The appearance of crossed striations is of course not a novel phenomenon 
m wall structure It is widely recognized that in bast fibres the secondary 
wall 18 laid down in definite layers and that these layers can bo striated m 
different directions I or example fibres from hemp and hop plants have 
two secondary layers the striations on both running round the cell in a 
right hand spiral with the spiral on the outer layer less steep than that 
on the inner On the othei hand bast fibres from flax and oleander show 
defimtely crossed striations the spirals on the two layers bemg of opposite 
sign Moreover in both types of cell the view put forward by Nageli that 
crossed striations can appear in a single wall layer is no longer held As 
has been shown above in the case of Valonia striations m different directions 
invariably occur m different wall layers Here however tht similarity 
between Valoyim and fibres effectively ceases Whereas m bast fibres change 
m spiral sign occurs but two or three times and the structure of one layer 
IS not repeated in a subsequent layer Valmta has numerous layers which 
alternate regularly m striation direction m a vciy exact manner This 
deposition of alternate layers each with the same direction of molecular 
chains as the last layer but one presents perhaps the most intricate 
problem in wall formation as encountered in botany It seems im 
possible without serious modification to invoke the idea of pseudo 
crystallization of new substance on an old wall such as is often put forward 
m discussions of wall deposition at the least it must be recognized that 
the growth mechanism involves a periodic halt in the effectiveness of an 
old wall in orienting new layers 

I lie existence of mosaic areas is to be explained on the Imes already 
laid down They arise as a lesult of vaiiations from point to point in the 
proportions of the two sits of ccllulost chains in the wall thukness It 
seems reasonable to suppose that these variations arc duo rathe r to a varying 
thickness of the wall layers than to a fluctuation in their number The 
mechanism imderlymg the formation of mosaic areas is no doubt to be 
sought in fracture of the wall during development as aheady suggested 
by one of the present writers (Preston 1931) * 

With regard to the geometrical form of the path followed by the spiral 
set of cellulose chams it would appeal that this approximates most to an 

* This idea is supported by the fact that remnants of wall 1 lyirs presumably the 
orig nal outer layers arc often found cl nging to the plant wl en eollected This has 
been pomted out t us by Dr steward f B rkbeck College London who recently 
had the opportunity of studying Valonia in its native habitat 
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equiangular spiral described on the surface of a spheroid ¥ig 1 1 illustrates 
a prolate spheroid, which is a reasonably fair description of many Valonta 
cells If the spiral at any point {d <p) of its path makes a constant angle a 
with the meridian (0 - constant) tlirough that pomt then 
oota = SslyS0 

or 0 cot a = (ds/y 



the solution of which if 0 = 0 when ^ = 7r/2 is 
0 cot a = - ~ ' ^ 1^^ ~~a^ ~ Jcosh-^ cot* + 1^ 

For the sphere this reduces to 

0cota = logt8ui^/2, 
as may be readily derived directly 

This general formula is given here in case experimental opijortumt^ should anso 
later of testing it rigidly 
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It should be noticed that dt^jdO = 0 when = 0 and n and is a maximum 
when (j) = 7r/2 as was actually observed for the Valonm cell described above 

Owing to irregularities of growth it is hardly a practical proposition 
however to make a strict quantitative test of the equation though it may 
be that careful examination of more abundant material than was available 
for these experiments would reveal specimens sufficiently perfect At the 
moment we are justified in saying only that the angle a is roughly constant 
and not far removed from a right angle— the mean of tlu values given m 
lable I for instanci is about 83 ° and that the spiral k produces the 
mam features of the path of a point moving on the surface of a spheroid 
so as to make a constant angle with the meridians 

The approximate constancy of angle between meiidians and spiral that 
18 maintained through alternate layers and the fact of alternating deposi 
tion itself seuns best explained for the time being in terms of a ihythmic 
orienting mechanism embodied in the polynucleai protoplasmic Iming 
Recent observations on the cytoplasm of algae those of ( hadefaud (1933) 
for instance are si ronglv suggestive of such a mechanism and the following 
extract from (.hadefaud s paptr Existeme d une structure infra visible 
orient^o du cytoplasme chez Ics Algues is very much to the point 

L existence d urn structure oiuntee du cytoplasme se traduit dune 
fa^on encore plus inti^iessante dans les grandis cellules allongees du tissue 
central de Chorda jihim Le cytoplasme de ces cellules possedc deux series 
de lignes directrices k peu pres orthogonales et fortement mclmees pai 
rapport a 1 axo longitudinal de la cellule I uno de ces directions est 
pr6pond6rante elle onente la plus giande paitio des plu^oplastes dcs 
chondnosomes et des amas de physodes et tons les noyaux qui sont etir6s 
en fuseau Quelques ph^oplastes seulement sont onentes scion 1 autre 
direction Or il est tres curieux de remarquer que ces deux directions de 
la structure cytoplasmique coincident avec celles dos deux systdmes de 
hnes strios que pr^sente la membrane cellulose pectique et que r6velent 
do fa^on tres nette les ponctuations en X de cette membiane On trouve 
ainsi une relation 6vidente entre la structure cytoplasmique et celle de la 
membrane cellulaire 

The occasional appearance of a third orientation lying between the two 
predominating sets of cellulose chams is possibly a manifestation of attempts 
to set up a spiral of opposite sign and may represent still another link with 
the structure of the fibres in which the occurrence of spiral reversals is 
fairly common 

van Iterson (1936) considers that the approximate orthogonal relation 
between the cellulose crystallites m adjacent layers of the wall of Valonw 
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18 simply a consequence of an alternation of wall stretching and protoplasmic 
streaming, the direction of easiest stretch bemg at right angles to the length 
of the crystallites already laid down The penodic stretchmg would be 
caused by the strong increase each day in the turgor pressure in the cell 
for example, and it is supposed that the stresses so set up determme the 
direction of flow of the protoplasm as it deposits the next layer with the 
crystallites lying along this direction of flow Ihe concept perhaps marks 
an advance in the sense that it offers something rather more concrete to 
work on, but it still leaves vague the initiation of the process and does not 
explain how stretching can take place in a multi ply structure first in one 
direction and then in a direction at right angles The idea may be valid for 
a wall consistmg of two lavers only but it is not easy to see how the 
mechanism continues to operate with such angular regularity beyond this 
stage In any case, the impression gained from the studies reported above 
IS that the average angle of crossing is definitely less than a nght angle, 
though to lie sure it might be possible to trace this deviation to some 
secondary source 

Finally, revcitmg once more to the question of the approximate oiienta 
tion parallel to the coll wall of the planes of spacing 6 1 A a recent paper 
by Sisson (1936) is very illuminating From an X ray study ot the vanous 
types of orystalhte orientation that can be brought about artificially in 
membranes of bacterial cellulose Sisson concludes that in general whenever 
a sample is constricted in one direction, whithtr by drying or by prissun , 
then the cellulose crystallites haye an mherent tendency to set themselves 
with the planes of spacing 6 1 A normal to the direi tion of constriction 
It would appear, therefore, that to explain in Valonia — or in any cellulose 
wall for that matter — the obstrved selective orientation of the crystallites 
about their long directions it is probably unnecessary to invoke anything 
more complicated than the simple act of drying 


The authors wish to express their mdobtodness to Professor J H Priestley 
for his interest in the work and, together with Miss L 1 Scott, for valuable 
help on the botamcal side Their thanks are due also to Dr F C Steward 
for a supply of lamellae stripped from fresh cells of Vahmia ventncoia, and 
to Mr H J Woods for extending the equation of an equiangular spiral 
described on a sphere to the more general case of a prolate spheroid For 
the expenses of the research they are indebted to the generosity of the 
Worshipful Company of Clothworkers and to the Royal t ommissioners of 
the Exhibition of 1851 
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SUMSIABY 

Tho cell wall of Valonta ventncosa has been studied in detail by means of 
X ray dilfraction photographs and the polarizing microscope 
It 18 found to consist of layers in which the cellulose chains in any one 
layer are inclined to those in the preceding and subsequent layers at an 
angle which is on the average rather less than a right angle 
The chains of one set of layers form a system of mendians to the wall, 
while those of tho other set build a system of spirals closmg down on the 
two “poles ’ defined by the meridians 
The two sets of striations on the layers of the wall correspond closely 
to the meridian and spiral directions of cellulose chains, while the extinction 
directions, being defined both by the directions and by the relative pro- 
portions of tho two sets of cellulose chams, he in variable positions between 
The development of the rhizoids has been mvestigated and found to be 
associated with regions of the wall adjacent to tho poles of the spiral 
The plane of spacing 6 1 A of the cellulose crystallites is, roughly 
speakmg, confined withm an angle of about 60 ° to the wall surface 
It IS suggested that the path of the cellulose spiral is that of a logarithmic 
(equiangular) spiral described on the surface of a sphere or prolate spheroid 
The relation is traced between the structure of the walls of fibres of 
higher plants and that ot the coll wall of Vahnm 
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Dbscreption of Plates 

Plato 1 

Fl« 2 — A typical fringe of fibrils at a tom edge of Valonia wall Note that on 
entering the wall the fibrils turn round and finally disappear among the 
atriationa almost parallel to the edge 

Fio 6 — Model of the wall structure of V ventricoaa showing tho spiral organization 
of one set of cellulose chains The spiral o€ui be seen closing in towards tho 
point marked on the model which thus represents one polo 

Fig 9— X ray photograph of tho wall of V ventncosa at a pole of the spiral 

Plato 2 

Fio 7— Photomicrograph of the basal region of the well of a cell of V ventncosa 

Fio 8 — Photomicrograph of tho point of attachment of a rhizoid m cross section 
On the right can be seen the watch glass cell from which originated the 
rhizoid whose remains are attached to the wall on the left 

Fio 9 — X ray photograph of an area of tho wall of V ventncosa in which one set 
of cellulose chains greatly predominates (X ray beam perpendicular to thi 
surface ) 

Fio 10 — X ray photograph of the same specimen lying horizontally with the main 
set of cellulose chains parallel to the X ray beam 
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Development of Eye Colours in Drosophila-. 

Pupal Transplants and the Influence of 
Body Fluid on Vermilion 
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{O W B arul C W C), and Institut de Biologte physico-chimique, Pans) 

{Communicated by ,1 B S Haldane, F R S — Received 4 November, 1936) 
The Problem 

Studies of mosaics (Sturtevant 1932) and transplantation expenments 
(Ephruasi and Beadle 1935) have shown that the development of vermilion 
eye colour in Drosophila melanogaster is not always autonomous, that is 
genetically vermilion {v) eye tissue may appear phenotypically wild type 
in the presence of not vermilion tissue m other paits of the body A specific 
diffusible substance ‘ y+ substance”, has been assumed to be responsible 
for this change m the pigmentation of vermilion eye tissue (Biadle and 
Ephrussi 1936) It 18 the purpose of this paper to present data bearing 
on two questions 

1 When in development is substance produced ^ 

2 At what stages of development can the addition of v+ substance 
produce an effect’ 

A preliminary discussion of experiments bearing on these questions has 
been published elsewhere (Ephrussi, Clancy, and Beadle 1936) 

Material and Methods 

Three types of experiments have been made 

1 Transplantation of v eye disks from pupae of various ages to wild 
type larvae, generally withm 12 hr of pupanum formation 

2 Transplantation of v eye disks from pupae of various ages to wild 
type pupae of correspondmg ages, that is, with no age difference between 
donor and recipient 

3 Transfer of body fluid from larvae and pupae of various ages to larvae 
and pupae of corresponding ages and to larvae and pupae of different ages 

[ 98 ] 
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All expenments involved the use of material of known ages Larvae 
were tuned from egg laymg Pupae were timed from pupanum formation 
In general individuals were collected which had formed pupana within an 
interval of 1 hr This mterval is convenient because of the fact that after 
pupanum formation darkening of the pupanum becomes clear in about 
1 hr 

All experiments were earned out at 26 ° C Standard mass culture stocks 
of and v were used throughout In the second and third types of 
experiments the wild type flies were from matings between the two 
inbred stocks Florida and Swedish c Ihe developmental period from 
pupanum formation to eclosion was about 96 hr for the wild typo flies 
and a few hours longer in the v and «/• v stocks 

The technique of the eye disk transplantation was essentially the same 
as that described by Beadle and Ephrussi (1936) for larval disks Transfer 
of body flmd was made with a small bore pipette without a constriction 
In transferring fluid to pupae it was found desirable first to reduce the 
internal pressure of the recipient by removing a quantity of body fluid 
approximately equal to the amount to be injected In general in the body 
fluid transfers approximately 0 4 cu mm of fluid was injected No special 
attempt was made to control this amount quantitatively since usmg pupae 
as recipients it is impossible with the techmque used to be sure that all 
mjected fluid remams in the recipient 

Most individuals injected in the pupal stage failed to emerge normally 
the injury being of such a nature that the adult flics tended to adhere to 
the pupal case In many inehviduals the pupal case was split and the head 
protruded Exammations wore made by removing the individuals from 
their pupal cases at or shortly after the time at which they normally would 
have emerged 

In all expenments comparable controls were made use of in determining 
the results In the transplantation experiments control transplants made 
between mdividuals of comparable ages were used Thus for the transplant 
1 to wild type at 66 hr the two controls vtov and wild tyjie to wild type 
were made at the same time using pupae of 66 hr In the body fluid 

* To those not familiar with tho Drosophila work it should be stated that 

(а) The eye colour of wild typo flies is dark rod 

(б) The mutant vermilion (t>) is characterised by a bright scarlet tye colour the 
locus of the recessive vormili n gene is at 33 0 it tl o first cl romosoine 

(c) The recessive apricot (w“) is located at 1 5 m the first chromosome the eye 
colour of ufi flies is apneot or pinkish yellow 

(d) Flies homozygous for both to” and v have eyes of a very pale yellow approaching 
white 
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transfer expenments, controls were made for each stage by withdrawing 
body fluid from a senes of individuals similar to those used as recipients 
m the expenments and reinjecting it mto the same individuals Such 
controls like the expenmental animals, usually failed to emerge Controls 
were made in some expenments by mjectmg Rmger’s solution mto indi- 
viduals similar to those used as recipients Such controls showed that the 
operative technique had nothing to do with modification of eye colour and 
provided standards for determinmg whether or not fluid from a given stage 
resulted m any modification of the eye colour of the recipient 


Transplants of Eye Disks from Vermilion Pupae to 
Wild Type Larvae 

Because of technical difficulties in implanting disks m pupae, the first 
experiments attempted were made by implanting eye disks from v pupae 
of various known ages into wild type larvae Such transplants proved to 
be successful as judged by differentiation of the implants and development 
of pigment Disks from pupae at various ages up to 26 hr after pupanum 
formation gave eyes with wild type pigmentation When taken from pupae 
over 26 hr v disks implanted in wild type hosts gave eyes lighter m colour 
than wild type and approachmg v controls in appearance However, 
control implants from wild type disks taken from pupae over 30 hr old 
transplanted to wild type larvae gave eyes with a similar type of pigmenta 
tion, that IS they were clearly brighter red than standard wild type m 
wild type controls with no age difference Since it is known that a 
genetically wild type eye disk grown in the absence of substance (in a 
V host) after the late larval stage develops wild type pigmentation, it is 
probable that the v like colour developed by ‘ old m yoimg ’ wild type 
control transplants has nothmg to do with true v pigmentation Nothmg 
IS known as to why or how such control implants develop this v like 
pigmentation, but it is clear that because of this phenomenon, the only 
conclusion that can be drawn from the experiment is that up to 26 hr after 
pupanum formation a genetically v eye disk when transplanted to wild 
type host can be modified so as to develop wild type pigmentation 

In an attempt to avoid the difficulty encountered in the experiment just 
described an essentially similar expenment was made substitutmg and 
ufi V for wild type and v In this experiment there was no difficulty with 
controls Disks taken from tv“ v pupae at successive intervals up to about 
44 hr and transplanted to le® larvae developed pigmentation phenotypically 
close to tc" controls and definitely darker than the ic“ v controls Four 
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senes of transplants made after this tune gave implants with pigmentation 
close to u/* « or mtermediate between i and These results can be 
summarized as follows 


Age of implant 
after pupanum 
formation 
(hr ) 
44r-46 
4ft-47i 
60-52 
60 82 


Phenotype 
of implant 
Intermediate 
«;««(?) 
Intermediate 
u^v(t) 


These determinations are not entirely satisfactory m that the results are 
somewhat inconsistent but they do show that w" v disks taken from pupae 
up to about 44 hr after pupanum formation can be modified by a host 
in such a way that the colour developed is phenotypically m/* Because of 
possible complications brought about by the age difference it cannot be 
concluded that after this time a,vfiv eye disk can no longer be changed to 
v/* in appearance 


Transplants of Eye Disks from Vermilion Pi pae to Wild Type 
P uPAF OF Corresponding Ages 

After the experiments described above were made it was found that 
successful transplants could be made using pupae as hosts The results of 
a series of experiments in which eye disks from v pupae of various ages 
wore transplanted to wild typt hosts are given in Table I h rom these data 

Table I — Results of Iranspi anting Vermilion Fye Disks to Wild 
Type Pupae at Various Aors (hours after pi parium formation) 


Age of donor 
and host 

Number of 

Phenotyipe of 

(hr) 

individuals 

implant 

241-26 

3 

Wild type 

36 371 

2 

Wild typo 

391 411 

3 

Wild type 

37 381 

1 

Wild type 

49 601 

3 

Wild type 

60 -62 

3 

Wild type 

62 64 

3 

Wild type 

64 66 

2 

Wild type 

66 -67 

3 

Wild type 

68 69 

1 

Wild type (T) 


it can be seen that up to about 60 hr after pupanum formation a v disk 
transplanted to a wild typo host develops wld type pigmentation After 
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this age it was not possible to make transplants because of chitinization 
of the eyes which at this stage are completely differentiated and, m wild- 
type flies, partially pigmented It is seen that the result of this experiment 
does not agree with that of the one in which v and ufi flies were used, 
presumably because of an unknown effect of the age difference in the one 
series 


Transfer of Body Fluid from Wild Iypf to Vermilion Larvae 
AND Pupae 

Preliminary expt riments indicated that body fluid from wild type pupae 
at about 60 hr after pupanum formation contains v+ substance and that 
uf* V pupae of the same age are sensitive to this substance On the basis 
of this information two sets of experiments were planned one designed 
to test for the presence of e+ substance in the body fliud of wild type pupae 
at various ages the other to determine the effect onw°v pupae of various 
ages of injections of body fluid known to contain v+ substance Wild type 
pupae at approximately 60 hr were used as a source of flmd known to 
contam the substance and v pupae of the same ago were used in tests 
for the prostnoo of i+ substance 

I ests for the presence of p substance in the body fluid of wild type larvae 
and pupae of various ages are given in lable TI It is seen from this table 
that all tests of late larvae including the use of relatively clear body fluid 
and of minced whole larvae, gave negative results Positive tests are 
recorded for all stages tested between 3 and 80 hr after pupanum forma 
tion Tests of all stagt s older than 80 hr were negative Unfortunately, 
as already stated, it was not found possible to control quantitatively the 
amount of fluid transferred However, a rough idea of the amount of 
substance is presumably indicated by the proportion of positive effects 
among the tost animals Comparisons at various stages suggest that the 
amount of v+ substance increases rapidly, bcginnmg shortly after pupanum 
formation reaches a maximum at a period between 8 and 17 hr , and then 
shows a gradual decrease up to 80 hr after which time no positive tests 
were obtained It should bo noted that the strongest modifications among 
the positive tests in this series were observed in the 8J-10J hr tests 

Tests for the influence of injected fluid known to contain substance 
(from wild type pupae used at about 60 hr ) are summarized in Table III 
The data show that larvae shortly before pupanum formation give positive 
tests Since positive tests were found for 60 hr pupae (Table II), it is 
assumed that all stages between pupanum formation and 60 hr theieafter 
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Table II — Eesults or Injecting Body Fluid from Wild-Type 
Larvae and Pupae op Various Ages (hours after puparium forma- 
tion) INTO Apricot Vermilion Pupae at approximately 60 hr after 
Puparium Formation of the Recipients 


Age of 

Age of 

Recorded effect on recipient 


donors 

recipients 

^ 



^ 

Total 

(hr) 

(hr) 

Positive 

Questionable 

Negative 

tests 

Late larvae* 

Late larvae 

0 

0 

5 

6 

Late larvae 

67i-69} 

0 

0 

10 

10 

Late larvae 

68}-69} 

0 

0 

12 

12 

Late larvaot 

69 -00} 

0 

0 

9 

9 

3 - S 

69 -60} 

7 

0 

13 

20 

4J- 6 

60}-68 

0 

4 

7 

11 

8i-10i 

64J-66} 

13 

3 

1 

17 

12 -13i 

62} 64 

12 

2 

4 

18 

16i -17 

62}-64 

9 

1 

3 

13 

16 ~17i 
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t In thia experiment donors were mmcod, and fluid drawn off with pipotte 


Table III — Results of Injecting Body Fluid from Wild-type Pupae 
OF approximately 60 HR AFTER PUPARIUM FORMATION INTO VeRMILION 
Larvae and Pupae of Various Ages 


Ago of 

Ago of 

Recorded effect of recipient 


donors 

recipients 



^ 
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Weak positivo tests 
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likewise would be sensitive to injected fluid Positive tests are indicated 
m Table II for 62-64 hr pupae Pupae 69-70 hr old gave either negative 
or weak positive tests indicating that after this time the addition of v+ 
substance is able to produce relatively little or no change 

It IS probably useless to attempt to draw any conclusions concemmg 
differences m sensitivity to a given amount of v+ substance of pupae of 
various ages from the data available Larvae give strong positive tests but 
it IS certain that more injected fluid actually remained in the animals at 
this stage In late pupal stages after about 80 hr the internal pressure 
IS rapidly reduced and presumably larger amounts of body fluid reraamed 
in the animals This may account for the fact that no positive tests were 
obtained from 69 to 7 '' hr while weak effects were recorded from 81 to 86 hr 


Disn ssiON 

From the foregoing results it w ck ar that fluid from wild type prepupae 
and pupae over a rather wide range of ages (3 80 hr after puparium 
formation) is capable of producing an effect on the eye colour when injected 
into V recipients It has been assumed that this effect is brought about 
because of the fact that the body fluid contains % + substance However 
smce the crude body fluid used certamly contains many living cells it is 
possible that the injected cells produce the substance at an unknown time 
after the injections The fact that fluid from larvae which also contains 
many living cells docs not produce such an effect makes this assumption 
rather improbable Obviously a direct test of whether or not living cells 
have anything to do with the effect can be made this has not yet been 
done 

The experimental evidence presented above indicates that normally the 
substance must be taken up by the eye (not necessarily used) before 
66 to 70 hr after puparium formation smce after that time it is no longer 
present (or is present m only small amounts) in the body fluid Larvae at 
a stage shortly before pupation show positive effects of injected body fluid 
contammg v substance but since the effect is observed only in the mature 
fly it cannot be determined from the available information when this 
Injected substance acts on the eye It is entirely probable that it may 
remain in the body fluid and be used by the eye many hours later 

Until further information is available it is useless to consider questions 
concerning the nature of v+ substance whether for example it is of the 
nature of a hormone or is a precursor which actually takes part in the 
reactions leading to the formation of specific type of eye pigment 
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Summary 

Transplants of v eye disks to wild type hosts show that a genetically 
V eye disk can develop wild type pigmentation after transplantation at as 
late a stage of development as that reached 56-60 hr after pupanum 
formation (25° C ) 

Body fluid transfers show that a substance («+ substance) capable of 
producmg a change in the pigmentation of the normal eyes of a m/* 
recipient is present (or can be produced by some component of the body 
fluid) in wild type flies from about 3 to 80 hr after pupanum formation 
Before and after this period this substance either is absent or is present in 
such low concentrations that tests for its presence were negative Flics of 
the genetic constitution uP v show a positive response to the injection of 
body fluid known to contam i+ substance from the late larval stage 
(possibly before) up to about 66 hr after pupanum formation After this 
time the responses were negative or weak 
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Synaptic Transmission of Nervous Impulses through the 
last Abdominal Ganglion of the Cockroach 

By R r PUMPHREY* AND A J RaWDON SMTTHt 
irom the Ijoboratones of Zoology and Psychology i ambrxdge 
{Commtinicated fcy E D Adrian P R S — Receded 13 November 1936 ) 

[PI ito 3] 

In a previous communication (1936) we have described the response of 
the cereal nerve of the cricket when the cercus is subjected to acoustic 
stimuh In the course of that work we attempted to trace the afferent 
fibres to their destination by recording from the ventral nerve cord at 
various levels anterior to the last abdominal ganglion It was immediately 
apparent that while si me of the fibres from the acoustically sensitive 
end organa of the cercus ran directly through the ganglion and up the cord 
others terminated in the ganghon in s3niaptK relation with a relatively 
small number of fibres running forwards in the cord and yielding action 
potentials of considerable magnitude Contrary to expectation we found 
that subject to certain conditions noted below the random activity in 
the abdominal nerve cord was never large enough to obscure the wanted 
signals and it seemed to us that the preparation offered an excellent 
opportumty for an examination of the properties of a central nervous 
synapse This paper desenbes the results of tins examination 


The Preparation 

In this work we have used the \mencan co< kroach {Periplanela amen 
cana) As in the previous work (1936) the posterior part of the nervous 
system of a decapitated animal was exposed by dissection from the ventral 
aspect Electrical activity in the cord which tended to mask the effects 
which we wished to record seemed to arise prmcipally from two causes 
(a) descendmg impulses originating m the thoracic gangha and (6) injury 
discharges The former could be blocked by section or hgation of the oord 
anterior to the first abdommal ganglion They appeared however to arise 

• Beit Memor al Research Fellow 

t Senior Student of The Royal Commissioners for the Exhibition of 1861 
[ 106 ] 
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m connexion with sensory impulses from end-organs m the legs and were 
generally absent when the latter were amputated close to the body Injury 
discharges resulted from tension on the nervous system m dissection, from 
desiccation, and from extensive injury to the tracheal supply With 
practice m dissection and the use of an animal which contained plenty of 
blood and was mounted in a moist chamber we experienced very little 
trouble from this cause 



Fig 1 — Sketch of posterior part of tho abdominal nerve cord of cockroach (?) with 
the prmcipal tracheae and the poaitiona of stimulating and recording electrodes Tho 
external genitalia have been removed ff = recording electrodes 6',, .S!,=: alternative 
positions of eloctrofles for stimulating afferent cereal nerve (a) cereal nerve (sensory) , 
(6) cereal nerve (motor) , (c) nerves to genitalia (out) IV, V. VI = lust three abdominal 
ganglia. 

Fig 1 indicates the general relations of the nervous system in the lower 
part of the abdomen and the positions of stimulatmg and recording 
electrodes For the latter we have found gold ivire (0 006 in diam ) 
preferable to platinum as, especially after heatmg and quenching, it is 
melastic and can be pushed and bent mto any desued form 
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The Appaeatus 

The preparation together with its recording electrode system is installed 
in a sound proof electrostatically shielded room Stimulation either 
acoustical of the anal cercua or electrical of any appropriate nerve has been 
arranged respectively by means of a loud speaker or of a separate pair of 
stimulating electrodes These instruments constitute the remamder of the 
apparatus in the sound proof room all apparatus for the generation of 
stimuli and for the recording of responses being situated in a room entirely 
separate though closely adjacent to the latter 

The apparatus used for sound stimulation consists of a heterodyne 
oscillator coupled through an amphfier to the loud speaker referred to 
Attenuating networks enable control of the mtensity of the stimulus over 
a range of 140 db in 2 db steps and the oscillator is arranged to dehver 
approximately smusoidal voltages at any frequency between 30 and 1 1 000 
c /sec A more complete descriptionof this section of the apparatus may 
be found under the references given (Rawdon Smith 1935 1936) 

For electrical stimulation we have used a double gas discharge tube 
circuit so arranged that either one or both of the tubes might be employed 
m this way permittmg the interpolation of rare stimuh from one tube into 
the regular senes derived from the other This instrument which is con 
ventional in circuit is coupled by means of a special transforming device 
to the stimulatmg electrodes Details of this will be found m an earher 
pajier (Pumphrev and Rawdon Smith 1936 in Press) and vt will suffice here 
to say that it consists of a fixed electrostatically shielded secondary winding 
connected to the stimulating electrode leads and a movable primary 
winding mserted in both gas discharge tube circuits Movement of the 
primary relative to the secondary permits ready control of the magnitude 
of the stimulus without alteration of its wave form a promment disad 
vantage of the more normal potentiometnc mtensity control for such a 
stimulating circuit In our own case the wave form* ot the stimulus 
diphasic in virtue of the mductive couphng referred to is such as to reduce 
to a mmimum polarization effects at the stimulatmg surfaces The im 
portance of this may be noted later 
For recording purposes we have employed two identical resistance 
capacity coupled tnode amplifiers of vanable gam The mput circuits of 
these consist of the arrangement described by Matthews (1934) earth free 

• An ad litional advantage of this arrangement is that the durat on of th 
stimulus 18 very short (approxmistely 0 5 msec ) For this reason the stimulus arte 
fact rarely obscures the response even for very small mterelectrodo distances 
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input leads being of great advantage when using electrical stuuuh and 
essential when recording simultaneously from more than one pomt on the 
same animal By the selection of smtable valves it has proved possible 
to abolish the resistance capacity high ftequency oscillation suppressors 
there described with some improvement of the high note response of the 
unit Each mput circmt and amplifier may be finally connected to a Cossor 
3236 J cathode ray oscillograph and either or both of these may be photo 
graphed on movmg oin6 bromide paper by means of an adapted film camera 
Either or both recording systems may be used at a time or if necessary 
one may be used for recording and the other for observation Ihe latter is 
assisted by a Imear sweep device which may be synchromzed either to the 
stimulus or the response voltages A description of this has been given by 
one of us elsewhere (Hallpike and Bawdon Smith 1934) 

Results 

1 — Arrangement of Fibres in last Abdominal Oanglum 
Before descnbmg our experiments m detail we shall mdicate the arrange 
ment of pre and post ganghomc fibres so far as we have been able to 
elucidate it * Ihe cereal nerve proper which may be separated from the 
small motor branch to the cereal muscles accompanying it over part of its 
course contains only afferent fibres Some of these run through the 
abdominal ganglion into the ventral nerve cord Stimulation either 
auditory of the cercus or electrical of the cereal nerve ehcits a response 
m the cord above the last ganghon in addition to the major response 
discussed below similar to that in the cereal nerve when due allowance is 
made for the greater scatter due to the increased conduction distance and 
the dimmished amphtude due both to this factor and to the short circuitmg 
effect of the other fibres m the cord Our experiments mdicate that most 
of these fibres which we shall term through fibres run on the same side 
of the cord as the cercus from which they are derived We have not been 
able to trace them with certamty to higher levels of the cord 

Stimulation of the cereal nerve of one side however m addition ^ves 
nse to poet ganghomc impulses of great magnitude m fibres on both sides 
of the cord though there are relatively fewer of these on the contra lateral 
side These post ganghomc fibres we shedl term giant fibres from their 
resemblance to fibres so named m other mvertebrates By recordmg 

No hiatologtoal examination has yet been made of the last abdominal ganglion 
m any Orthopteran Our conolnsiona are not mconsistent with the arrangement of 
ganglion colls found m Aeschna by Zawarzm (1924) 
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simultaneoualy from different points on the cord, we have shown that they 
run directly through the next five abdominal ganglia and impulses m most, 
if not certamly in all of them, can be detected m the neck just postenor 
to the sub oesophageal ganghon The arrangement which we have tenta 
tively assumed for these fibres is mdicated in the diagram (fig 2) The 
through fibres may be differentiated with certamty from those synapsmg 
m the ganglion by interchangmg the stimulating and recordmg electrodes 
A stimulus then apphed to the cord will reveal, m the cereal nerve, only 
a minor response duo to the through fibres, antidromic stimulation of the 
giant fibres pioducing no effect there 



giant fibres to pre-ganghomc activity, acoustic stimulation of the end 
organs associated with the peripheral afferent fibres would be very satis- 
factory, smee the frequency and mtensity of the stimulus could be varied 
with great ease and precision and, more important, one might be certam 
that only fibres homologous in that they are all derived from acoustically 
sensitive sensilla were stimulated But synchrony of response m the cereal 
nerve is very imperfect at the lowest frequencies of auditory stimulation 
(especially m the cockroach) as some of the hair sensilla are excited more 
than once by each mcident wave of the stimulus For this reason we have 
abandoned acoustic m favour of electrical stimulation of the penpheral 
nerve It is worthy of note, however, that m the cricket where synchrony 
of the response m the cereal nerve to auditory stimuh is more nearly perfect 
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we have obtained a giant fibre response s 3 mchronized with the stimulus 
at firequenoies between 70 and 100 c /sec , and momentarily at frequencies 
considerably higher than tins 

3 — Besponse to a Single Electrical Stimulus of the Cereal Nerve 

When the cereal nerve is stimulated by a smgle maximal shock and the 
recording electrodes are on the cord above the last ganglion, the stimulus 
IS followed almost immediately by a response from the through fibres and, 
after a pause, by a closely grouped volley of impulses in the giant fibres 
(fig 3, Plate 3) The pause consists in part ot the conduction tune and m 
part of the delay at the synapse By varymg the positions of the electrodes 
we have estimated the conduction rate in pre- and post-ganglionio fibres 
as approximately 1 5 and 6-6 m /sec respectively and from this deduced 
a synaptic delay of about 1 msec * 

Under optimal conditions, as has been stated above, wo have generally 
expenencod little trouble from intrinsic and apparently spontaneous 
activity in the cord Occasionally, however, we have observed a good deal 
of activity which was not associated with movements of the thorax and 
did not possess the very characteristic features of an mjury discharge 
Wo are inclined to regard this activity as a consequence of operative shock 
rather than a normal condition of the abdominal central nervous system, 
since it died down spontaneously if we waited We mention it here, how- 
ever, because m this hyporexcitable condition the post-ganghomc volley 
consequent on stimulation of the cereal nerve was very frequently followed 
by a pronounced after-discharge, apparently in the same fibres 

Reduction of the strength of the stimulus results in a progressive re- 
duction of the number of giant fibres which respond and by careful adjust- 
ment it IS generally possible to obtain a discharge in a single giant fibre 
(fig 4, Plate 3) At mtensities which are just 8uprahminal,t however, it 
IS usually impossible to get a regular response to successive stimuli, owmg 
probably to mtrmsic variations m the thresholds of pre-ganghomc fibres 
We have successfully reduced the number of active giant fibres to one by 

* Because of the small size of the preparation, the accuracy of these determma- 
tions 18 probably low By making extreme allowance for errors of observation we 
estimate the synaptic delay to bo not less than 0 4 noi more than 2 msec for a single 
pre-ganghonio stimulus 

t Terms such as this have reference to the effect of tho stimulus on the post- 
ganghomc fibres, e g a just supraliminal stimulus is one which when applied to the 
pre-ganghonio nerve will sometimes produce a small giant fabro respKmse Similarly 
a maximal stimulus is one such that an mcrease m the stimulus intensity produces no 
mcrement m the giant flbre response 
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dissection of the cord, but injury to the cord seems to be progressive and 
the life of such a smgle fibre preparation has so far proved too short for 
experiment 


4 — Reaponaes to Repetitive SttmukUton 

When the pre-ganghomo fibres are subjected to repeated maximal or 
supramaximal stimuh at regular intervals, each volley of the giant fibre 
response is approximately identical, provided that the stimulating frequency 
IS low. The small variations m the grouping of the giant fibre responses we 
take to be an mdioation that the delay for each synapse is not absolutely 
mvanant even at low frequencies of stimulation Above a certam frequency 
of stimulation, there is a falling off m the total number of fibres respondmg 
to each stimulus, and, as the number of active fibres is reduced, it can be 
seen that the response of the remainder becomes intermittent before failmg 
totally At this stage it may also be seen that the interval between stimulus 
and response becomes somewhat longer and more variable This mcrease m 
the interval, which may be 1-2 msec , is attributable to alteration in the 
sjTiaptic delay, smce the frequencies employed are not such as would cause 
an mcrease m the conduction time of either pre- or post-ganghomo fibres 

When repetitive submaximal stimuh are apphed to the cereal nerve, the 
post-gangliomc response suffers a declme m magnitude, provided that the 
stimulus frequency is sufficiently high At any given stimulus intensity, 
however, it is possible to find a frequency which just fails to cause such a 
declme This value we have called the critical jrequency , and it is clear that 
it IS not the same for all mtensities of stimulus In our preparation, it 
vanes from 40 to 60 per sec for just maximal stimuh to 15 per sec or less 
for submaximal If repetitive stimuh of submaximal mtensity are apphed 
at a frequency above the cntical, the giant fibre response eventually 
disappears almost completely. An mcrease in the stimulatmg mtensity 
will now bring back the response, as would be expected By reoordmg 
pre-ganghomcally we have satisfied ourselves that this effect is due to an 
increase m the number of pre-synaptio fibres excited, though there is no 
sign of a decrease m this number durmg the time when the post-synaptic 
response is decaymg 

It IS not, however, necessary to increase the mtensity of the stimulus to 
recover the post-synaptic response, for an mcrease m the s timulatin g 
frequency, without modification of the mtensity, is temporarily as effica- 
cious (fig 6, Plate 3). Investigation of the pre-ganghomc response under 
these conditions reveals that there is no change whatever m the amplitude 
or form of the action potential here, and that the only modification of this 
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response is an inorease in frequency. It appears justifiable, therefore, to 
regard this augmenting effect of increased stimulus frequency as having its 
locus m the synaptic connexions between the cereal fibres and the giant 
fibres of the ventral cord. 

It would be deduced from the foregoing data that, during repeated 
stimulation, when the post-83maptic response has become almost negligible, 
the mterpolation of an extra stimulus into those of the regular senes should 
cause a momentary return of the response This expectation has been 
found to be justified and, m fig. 6, Plate 3, it may be seen that such an 
additional stimulus, even though its magmtude is considerably smaller 
than those of the senes proper, is efficacious m oausmg a single response 
to the stimulus of the regular senes immediately foUowmg it On occasions, 
the response secured m this way may occur to the interpolated stimulus 
itself (fig 7, Plate* 3), especially if this should occur immediately after 
one from the series The relative sizes of the two stimuU may be noted 
from fig 8, Plate 3 

In fig 7, Plate 3, it is clearly seen that the response of the through 
fibres, which do not synapse m the last abdommal ganghon, is mamtained 
throughout the expenment In this figure the through fibre response is, 
relative to that from the giant fibres, somewhat greater than is customary, 
and it may be worthy of note that the relative sizes of the two appear to 
be to some extent dependent on the age of the preparation 

In all these oases it is often possible to identify, m the oscillograph 
figure, the responses of single fibres which, owmg perhaps to some special 
relation to the recording electrodes, display an action potential wave of 
charaotenstic form It is thus possible to be certam that a response which 
has disappeared, after repeated stimulation, reappears in the same giant 
fibre on raismg either the frequency or the intensity of the stimulus It 
follows, therefore, that some at least of the giant fibres m this insect are 
synaptically connected with two or more pre-gangliomo fibres 

It might also be expected that a preparation which behaved m this way 
would display the phenomena of temporal summation in the classical sense 
This expectation is not fulfilled It is impossible to find a frequency and 
intensity of stimulus such that the mitial stimuh of a senes are ineffective 
in produemg a post-gangbomo response while later stimuh are successful 
Indeed, it may be shown that, when a series of hmmal stimuh is apphed 
to the preparation, the response is erratic m that by no means every pre- 
synaptio stimulus yields a post-synaptio response The first stimulus of the 
series, however, is as likely to yield a response as any other This appears 
to be true irrespective of the stimulation frequency Moreover, we have 
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not been able to demonstrate a shortening of the synaptic delay for a 
stimulus following rapidly on another such as has been described for the 
mammalian flexor reflex (Ecoles and Shemngton 1931) 

Both these considerations argue against a slow building up of the ex 
citatory state and the existence of a subhmmal fringe It is clear that 
current theories of central excitation are not directly apphcable to our 
preparation 


Disotjssion 

Repeated maximal stimulation of the cereal nerve at a frequency above 
the cntical frequency results in the giant fibres no longer being excitable 
through their synapses though both pre and post ganglionic fibres may 
still bo excited by direct electneal stimulation This condition of the 
synapses wo have designated fahgw since it appears to be m every way 
comparable with the fatigue of the neural end pistes in vertebrate striated 
muscle 

It IS of interest to contrast those observations with those of Bronk and 
Pumphrey (1935) on the synapses of the inferior cervical ganghon of the 
cat They found that stimulation of the upper thoracic sympathetic roots 
at a low frequency produces a s3Uichronized discharge m the post gangliomc 
fibres of the mferior cardiac nerve At higher stimulation frequencies 
(say 80 /se( ) the synchronous volleys disappear after the first few stimuh 
and thereafter (with monophasic leads and a direct coupled amplifier) the 
post ganghonic response is seen to consist of a smooth negative deflexion 
of the base line co durational with the period of stimulation It was shown 
that pie gangliomc stimulation was effective m maintaining the acceleration 
of the heart foi long periods at stimulus frequencies from 60 to 120 per sec 
and that within this range the degree of acceleration was independent of 
the frequency It was concluded that at tlie higher frequencies the post 
gangliomc fibres entered mto a self regulatory cycle of excited and refractory 
phases independently of each other and of the periodicity of the incoming 
pre ganghonic impulses producing a random discharge m the post 
ganghomo trunk of which the negative deflexion of the base line repre 
sented the statistical sum This preparation therefore did not show 
fatigue of the type which we find in the cockroach 

With repetitive submaximal stimulation the situation is more complex 
and our results mvite comparison on the one hand with those obtamed from 
the study of mammahan reflexes and on the other with observations of 
the physiology of the elementary nerve net of the Actmozoa 
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Repetitive submaximal stimulation of the cereal nerve gives rise to a 
condition of the synapses which we have designated adaptation It has 
been noted that there is a fall m magnitude of the response witli time durmg 
a penod of repetitive stimulation at a constant mtensity but this does not 
prevent the preparation from respondmg to a change m the magmtude of 
the stimulus We beUeve the analogy with the adaptation of sensory 
end organs to be very close (cl for example Bronk and Stella 1935) 

In the adapted condition the preparation responds by an augmentation 
of the post ganglionic response not only to an increase in the intensity of 
the stimulus but to an mcroase m frequency The latter type of augmenta 
tion 18 clearly allied to the phenomenon of summation which is a widely 
distributed jiroperty of synapses (Sherrington 1906 Pantin 1935) It 
must be emphasized however that m our preparation summation occurs 
only in the adapted state In the unadapted synapse it is quite impossible 
to obtain a response from a series of stimuh of such a magnitude that each 
alone is subhmmal As has been pointed out the response is irregular at 
stimulus intensities just on the threshold but whatever the frequency the 
response if it occurs at all is as likely to occur to the hrst stimulus of a 
senes as to anv other There is here no parallel with the phenomena of 
summation described by Sherrmgton (1906) 

We beheve that the explanation of these facts is as follows the arrival 
at the unadapted synapse of an impulse along a ain{)h pre ganglionic hbre 
IS adequate to initiate an impulse in the corresponding post ganglionic 
fibre In support of this view we find firstly that on gradually reducuig 
the intensity of a very slow senes of stimuh the pre and post ganglionic 
responses disappear completely at the same mtensity and secondly that 
stimulation of a single pre ganghonic fibre by agitation of the hair sensillum 
from which it is denved is often adequate to produce a post ganghonic 
response 

It seems probable therefore that adaptation of the synapse consists in 
a prolongation of the relatively refractory state of the synaptic terminations 
of pre ganghonic fibres It may be supposed that the amval of an impujse 
at a synapse from a smgle pre ganghonic fibre raises what we may call the 
excitatory potential whether by causing the secretion of a neuro humor or 
otherwise In the unadapted synapse the potential reaches the threshold 
of the post ganghonic fibre and mitiates an impulse m the latter In the 
adapted synapse the threshold is raised so that an impulse m a smgle 
afferent fibre fails to excite the excitatory potential can be raised to the 
higher threshold by excitmg more pre ganghonic fibres or by decreasing 
sufficiently the mterval between successive stimuh It must therefore be 
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aiBsumed that the complete decay of the excitatory potential occupiea a 
time longer than the interval between stunuli at the firequenoies at which 
summation occurs m the adapted preparation (i e at least 20 msec ) On 
the other hand we have reason to beheve that it reaches its maximum 
relatively rapidly smce the synaptic delay is never longer than 3-4 msec 
even m the fatigued or adapted preparation 

It must also be assumed that if stimulation of one pre ganghomc fibre 
raises the excitatory potential at the synapse to the threshold the simul 
taneouB stimulation of several will raise it much higher There is therefore 
a possibibty of re excitation ol the post ganghomc fibres when they have 
passed through their refractory phase This we beheve to be the most 
probable explanation of tl e after discharge sometimes observed (p 111) 

The fact that summation is demonstrable m the adapted synapse also 
renders it unlikely that the initiation of an impulse in a post ganghomc 
fibre uses up an appreciable amount of the excitatory potential 

In our discussion we have purposely avoided extending the terra o K 8 
to cover our observations This expression has already become somewhat 
ambiguous thiough its application to the phenomena observable m pen 
pheral gangUa and it seemed advisable to describe our results so far as 
possible in terms such as fatigue and adaptation which are already m 
spite of difficulties m definition well recognized phenomena m the physio 
logy of the periphery We have used the expression excitatory potential 
because while its meaning is self evident it has no histone associations and 
implications As has been shown it has some attnbutes m common with 
( K s and others which arc not 

J he facihtatory effect of mterpolatmg a single extra stimulus mto those 
of a regular senes may bo compared with certain phenomena to be noted 
m human subjects * If a senes of regular short duration acoustic stimuh 
is apphed to such a subject at an intensity sufficient to ehcit the blink 
reflex response it will be found that under oertam conditions of duration 
intensity and spaomg of the stimuh the response gradually dies away It 
is then said to be inhibited If now a stimulus of similar type is mterpolated 
m the senes a response will be obtamed occasionally to the mterpolated 
(disinhtbitory) stimulus itself though more often to that of the regular 
senes immediately foUowmg it Precisely similar phenomena as has been 
noted are seen m our own case 

Attention may also be drawn to the somewhat less obvious though none 
the less clear similanty between these results and certaon other effects 

• We are greatly indebted to Mr R C Oldfield for this information and for hia 
permission to use it here 
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obt6uned m human subjects (Rawdon Smith 1936) It was here shown 
that the apphcation of a sustamed monaural pure tone stimulus of con 
siderable intensity led to a loss of auditory sensitivity both ipse and contra 
laterally The ensuing apphcation of an unexpected stimulus m the same 
or another sensory mode led to a recovery of contra lateral sensitivity for 
a period of several seconds 


SUMMABY 

A method is descnbed whereby the response m the central nerve cord 
to either electrical stimulation of the cereal nerve or acoustic of the cercus 
itself may be investigated in the cockroach 

Investigation reveals that the response in the cord anterior to the last 
ganghon is twofold first, a small response duo it is thought, to the presence 
of a small number of fibres which pass through the ganghon without 
sjmapsing and which have been called, therefore, ‘through fibres and 
secondly a response of great magmtude due to what have been called 
giant fibres” The latter, it is contended, are few m number and theie 
is evidence that each such fibre is m synaptic connexion with a number of 
fibres from the cereal nerve 

The post ganghomc response to repetitive submaximal electncal stimuli 
apphed to the cereal nerve exhibits a number of mteresting foatuies At 
low stimulus frequencies (aiound iS/sec ) the response exhibits a dechne 
m amplitude, until the majority of the stimuh fail to excite the post 
ganghomc fibres, though it is shown that the pre ganghomc response is m 
every way identical throughout the stiraulatmg period The post ganghomc 
response may be brought back m one of three ways by mcreasmg the 
number of peripheral fibres stimulated, 1 e raismg the stimulus intensity 
by increasing the stimulus frequency, without modification of its intensity 
or by the mterpolation of an extra stimulus mto the senes Such a stimulus 
yields only a momentary effect, but nevertheless produces unmistakable 
results even if it is of much smaller mtensity than the stimuh of the senes 
in which it IS inserted 

A tentative theory is put forward to account for these phenomena 
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Descbiption OF Plate 

All records read from left to right Timi m all oases = 20 msec 

Fio 3 — Post ganghonio response to single maximal pre gangliomo stimulus Note 
from left to right (o) atiinulus artefact (b) response of tlirough fibres (c) large 
rcsponst of giant fibres 

i 10 4 — Post ganglionic response reduced to smgle giant fibre noto persistence of 
through fibres 

Fia 5— Post ganghonio response to repetitive pre ganglionic stimulation Note that 
the slow rate of stimulation approx 28/Beo fails to produce a post gangliomo 
nsponso but that wbon the stunulating rate is raised to approx lOfi/seo a 
response is readily secured though the stunulatmg mtensity is identical in both 
cases 

FiQ 0 — Post gangli mo response to repetitive pre ganghonio stimulation Stimula 
tion at 27/soc fads to | reduce a response until the interpolated stimulus is 
applied A large response is then secuied to the next stimulus of the senes 

Fro 7 — Similar to fig 0 though am tlier preparation On this occasion the mter 
polatod stimulus commg shortly after one from the regular senes itself yields a 
response Note the persistence of the through fibres which respond to each 
stimulus 

Fio 8 — The relative sues of the two stimuli used m figs 6 and 7 The smaller of the 
two IS the mterpolated stmiulus 
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On the Haematin Compound of Peroxidase 

By D Keiun, F R S and T Mann* 

From the Molteno Institute, University of Cambridge 
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It was shown previously (Keilin 1927) that horseradish roots contain a 
large concentration of haematin which can easily be seen spectroscopically 
as pyndine-haemochromogen in slices of roots .‘>-10 mm thick which have 
been treated with pyridine and Na^SjOi 

Similar haematin compoimds aie widely if not universally distributed 
in cells and tissues of all aerobic organisms where they can be observed in 
addition to or in absence of the haematin of cytochrome (Keilm 1925) 

In 193 1 Kuhn, Hand and Florkin claimed to have found a close parallelism 
between the enzymic activity of horseradish peroxidase preparations and 
the total haematin content of these preparations estimated as pyridme- 
haemochromogen They found, for instance, that m their three enzyme 
preparations of P Z (purpurogalbne number),! 1080, 1710 and 3400, the 
concentrations of haematm were respectively 0 038, 0 000 and 0 106% of 
the dry weight of the preparations These results have led them to the 
conclusion that the enzyme is probably a haematm compound 

Elliott and Keilin (1934) reinvestigated the problem, but did not find a 
strict proportionality between the enzyme activity and the total haematin 
content of various peroxidase preparations obtained by different methods 
They also found that the concentration of haematin in these preparations 
was much higher than that observed by Kuhn c/ a/ (1931) Thus a prepara- 
tion of PZ 818 contained 1 06% of haematin, while Kuhn, Hand %nd 
Florkin foimd only 0-105% of haematin in their preparation which they 
claim to be of P Z 3400 Such a discrepancy could hardly be explained 
by a natural break in the proportionality which mav occur during purifica- 

• Rockefeller Foundation Research Fellow 

t Purpurogallmo number throughout our work is expressed as mg of purpuro- 
gallme formed from pyrogallol m 5 min at 20° C per I mg. of dry weight of peroxidase 
preparation The estimation is carried out m presence of 12 6 mg of H,0, and 1 2S g 
of pyrogallol m 600 c o. of water The concentration of enzyme is so adjusted that no 
more tlian 10 mg of purpurogalliue is formed durmg the experiment. 
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tion of the enzyme and is most probably due to some errors m then 
determmations In the light of these results Elhott and Keilm disoussed 
several possibilities as to the relationship between the haematm and the 
enzyme They did not arrive, however, at any definite conclusion and left 
the problem open for further investigations 

While investigatmg the distnbution of haematm compounds m plants 
we htwl recently an opportumty of returning to the problem of the haematm 
nature of peroxidase We have confirmed the results obtamed by Elhott 
and Keilin as to the total haematm concentrations m different enzyme 
preparations and we have agam found the break in proportionality between 
the enzyme activities and the concentration of total haematm 

By approaching the study of this problem from another angle, however, 
we are now able to brmg forward new and more rehablo evidence supportmg 
the view that the active group of peroxidase is a haematm compound 
We are able to describe for the first time the properties of this haematm 
in relation to those of other and better known haematm compounds These 
results were obtained m spite of the fact that the breaks m proportionality 
between the enzyme activity and the concentration of total haematm do 
occur during the purification of the enzyme Moreover, we hope to show 
that the existence of those breaks does not necessarily contradict our 
conclusions 


Material and Methods 

The peroxidase used for this investigation was prepared from the roots 
of non cultivated horseradish essentially by the method of Elliott (1932) 

7 kg honieradiHh washed and cut into small pieces, were minced twice in a strong 
glared mmocr and extracted twice with 6 I of water Tlie mixture pressed out with a 
hydraulic press gave about 141 of crude brownish extract (P Z 0 06) Ihe extract 
was saturated with ammoniiun sulphate giving a greyish precipitate which gradually 
aggregated and rose to the surface Ihe mix tuie was filtered on a Buchner faltei the 
precipitate suspended in about 400 c c of water and the mixture then dialysed m a 
long cellophane tube against runnmg tap water After about 48 hr the fluid was 
almost completely free from ammonium sulphate and it was then dialysed for a 
short period against distilled water About 000 c c of tins fluid were mixcxl with 
1200 c c of alcohol (90%) The resultmg precipitate was removed by centrifuging 
giving 8g (dry weight) having PZ 14 The remammg fluid (1700c 0 ) was 
mixed with 1200 c c absolute alcohol The precipitate obtained was centrifuged off 
and gave 1 3 g liavmg F Z 160 

Other preparations of horseradish gave very sunilar results The P Z of the first 
fraction varied from 14 to 26 and that of the second fraction fixnn 112 to 300 
Practically all the properties of peroxidase haematm can be easily deterimned m the 
second ftaotion of this preparation without any further punfioation We have used, 
however, for some of our experiments preparations of much higher activity which we 
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have obtained firom the second fraction. For instance, 1 g of peroxidase preparation 
of P Z 270, dissolved m water and repreoipitated twice with alcohol, was redissolved 
in water and mixed with 100 mg of freshly prepared tncalcium phosphate gel. The 
brown coloured gel when centrifuged off was found to be almost from peroxidase 
Precipitation of the solution with aloohol gave 216 mg of P Z 660 Residues from 
the above purification were worked up to give 210 mg of P Z 166. 140 mg of P Z 
660 redissolved m 60 % aloohol was purified by a single adsorption on alumma A 
(prepared and used according to Qrassmann( 1928)) and gave 70 mg of P Z 1000 One 
precipitation by tanmc acid and one adsorption on alumina A followed by a con- 
centration of the elution at room temperature raised the activity of this preparation 
toPZ 1600 

The concentration of the total haematm m various preparations and in 
horseradish root itself was determined as pyridine haemochromogen by 
the method previously described (Elliott and Keihn 1934) The estimation 
of the correct positions of the absorption bands was earned out by means 
of a Hartridge reversion spectroscope adapted to a microscope 


Peroxidase Haematin 

It was shown previously (Elliott and Keilm 1934) that a strong peroxidase 
preparation has an absorption spectrum composed of three bands, a strong 
band m the red at 642 6m/i and two other bands at 660 and 600 m/t 
which are partly masked by the general absorption in this region of the 
spectrum due probably to another yellow pigment present in the prepara- 



tion * This absorption spectrum was previously ascribed by Elliott and 
Keilm to acid haematm to which it shows a great resemblance The study 
of the properties of this compound made on fresh material has convinced 
us now that the absorption spectrum of peroxidase preparation is not that 
of an acid haematm but a compound of the raethaemoglobin type very 
similar to catalase This investigation was greatly helped by some of the 

* Tlie absorption band at 630 or 640 mp seen by Sumner and Howell (1936) m 
peroxidase preparations from fig sap corresponds to the first band of the absorption 
spectrum d^ribed by Elliott and Keilm (1934) However, contrary to the statement 
by Sumner and Howell this band like the correspondmg band of acid methaeinoglobm 
disappears on making the solution slightly alkaline (pH 10) The haematm content 
m their preparation of P Z 700 was found by them to be a httle higher than 1 % , 
which IS m agreement with the results obtamed by Elliott and Keilm 
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results obtained recently in the study of methaemoglobm and of the 
catalase haematin (Keilin and Hartree 1935, 1936). 

The absorption spectrum of peroxidase haematin compound is very well 
seen m a clear solution of 10 mg of peroxidase of P Z 100 or more dissolved 
in 0 5- 1 c c of water and examined in a layer 1-2 cm deep It consists 
of four absorption bands the correct positions of which, when measured 
with a Hartridge reversion spectroscope, are slightly different from those 
given in our previous paper (EUiott and Keilin 1934) They are I, 646 m/i, 
II, 583 m//, III, 648 m/i, and IV, 498 m/i The fourth band is probably 
the strongest, but the first band in the red, not bemg masked by the 
absorptions of other pigments, is usually the most conspicuous and can 
easily be seen in preparations of a much lower activity and even in horse 
radish root itself The second band (683 m/i) is very famt and hardly 
perceptible m preparations of low activity, so that for all practical purposes 
the absorption spectrum of peroxidase haematin can be considered to be 
composed of three bands only That this absorption spectrum belongs to 
a natural thermolabile protein combined with haematin is clearly demon- 
strated by its irreversible disappearance on boiling or by treatment with 
excess of acid or alkali 

On the other hand, the haematin of strong peroxidase preparation is 
easily converted into protohaemin or Teichmann’s crystals The latter 
dissolved in pyridine and treated with NajS2()4 gives a typical pyridme- 
protohaemochromogen (Elhott and Keilin 1934) This clearly shows that 
the haematin nucleus in peroxidase is protohaematin probably identical 
with that of blood haemoglobin 

Alkalink Peroxidase Haematin 

On neutralizmg the solution of peroxidase and making it shghtly alkaUne 
the absorption spectrum undergoes a gradual modification which begms 
at pH 9 and is complete at pH 1 1 The three-banded absorption spectrum 
IS replaced now by two bands at 683 and 649 mp , the second band bemg 
stronger and wider than the first On makmg the solution slightly acid 
the four-banded spectrum of acid methaemoglobm type reappears The 
two-banded absorption spectrum of the slightly alkahno solution was 
previously ascribed to a parahaematm compound, m other words to a 
compound between haeraatm and a mtrogenous substance or denatured 
protem The fact that this compound easily reverts to the ongmal acid 
state and that it is obtained when the solution is made only shghtly alkalme 
suggests that the protem in this compound is not denatured and the com- 
pound therefore resembles alkalme methaemoglobm. 
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Reduction with NajSj04 

A brownish red solution of peroxidase on addition of a reducer (Na2S804) 
turns bnght red and its absorption spectrum is replaced by two bands 
a narrow and pale band a (694 6 m/t) and a very strong and very wide band 

(668 mu) the two bands being united by a very faint shading On 
oxidation the colour and the absorption spectrum of this solution revert 
to the original states 

The absorption spectrum of the reduced compound resembles somewhat 
that of reduced haemoglobin 

( OMPOUND with C 0 

On addition of carbon monoxide to the reduced compound its absorption 
spectrum is rapidly replaced by two very distinct bands a (678 mfi) and 
fi (646 6 ra.fl) This absorption spectrum resembles that of CO haemoglobin 

On passing a strong current of air through this solution which oxidi/es 
the remaimng NajSj 04 and removes the f O present m the solution the 
compound reverts gradually to the original state showing the characteristic 
four banded absorption spectrum 

Compound with KCN 

On addition of a small amount of KCN peroxidase solution turns deep 
red and its absorption spectrum is replaced by a very strong and wide band 
at 642 m/i and a pale and narrow band at 681 6 mfi with a shadmg 
between these two bands The general appearance of the absorption spec 
trum conveys the impression of a single asymmetric band fading away 
towards the red end of the spectrum with a slight reinforcement at 
681 6 mfi 

This absorption spectrum resembles that of KCN mothaemoglobin 
compound It may be noted hero that K( N is one of tht most powerful 
inhibitors of peroxidase In a concentration of 0 001 M it completely 
inhibits the activity of this enzyme 

Compound with Fluobidf 

NaF added to a slightly acidihed peroxidase solution does not modify 
the type of its absorption spectrum but turns the solution green and 
changes the positions of the bands as well as their relative mtensities The 
absorption spectrum is still composed of four bands which now occupy the 
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following positions I, 615in/<, II, 661 m/i, III, 629-6m/i and IV, 496m/*. 
The first band, as we see, is moved almost 300 A nearer the short wave end 
of the spectrum and it becomes much stronger than in the origmal prepara- 
tion 

The changes m the position and intensity of this band make it clearly 
visible in solid slices of hoiweradiBh root treated with fluonde It is thus 
possible to estimate the concentration of this pigment tn sttu by comparing 
the mtensity of this band with that of a known standard solution of purified 
peroxidase preparation also treated with sodium fluoride NaP mhibite 
the activity of the enzyme The inhibition is, however, not very marked. 
In concentrations of 0 003 and 0 001 M the inhibition is respectively 60 
and 26% 
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Fia 2 — PoRitioriH of the absorption bands of acid methaemoglobin, catalase, 
peroxidase and the two H,0, peroxidase compounds 


Compound with NO 

The formation of a compound with NO can easily be followed in a 
Thunberg tube containmg a peroxidase solution The tube is evaluated, 
washed thoroughly with pure nitrogen and filled with pure NO The four- 
banded absorption spectrum of peroxidase disappears and is replaced by 
two strong bands a (670 6 m/t) and /?(630'6m/*) It is interesting to 
note that on opening the tube NO is rapidly oxidized to NOj but the 
absorption spectrum of NO-peroxidase compound remams unchanged 
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Compound with HjS 

The addition of to peroxidase solution replaces its absorption 
spectrum by two bands a faint band at 687 5 ra/i and a strong band at 
549 5 mfi This compound is not affected by CO 

COMPOl NDS WITH AziDE AND HyDROXYLAMINK 

NaNg and NHjOH do not modify the absorption spectrum of peroxidase 
solution but they do modify some of the properties of peroxidase haomatm 
which will be examined later on We can mention hero that 0 003 and 
0 001 M NaNg inhibit the peroxidase activity by 76 and 40% respectively 
while 0 001 M hydroxylamine inhibits the enzyme activity by 40% 

Reaction between the Enzymf and Si bstratb 
Compound with HjO* 

On addition of HgOj to a strong solution of peroxidase the colour of the 
solution turns red and the three banded absorption spectrum is replaced 
by two bands which he at 661 and 630 6 m/i 

The two banded absorption spectrum belongs to a compound of per 
oxidase with HjOj This compound is however unstable and undergoes 
a more or less rapid decomposition liberatmg the peroxidase 

This decomposition of the H,Oj peroxidase compound is mainly due to 
a substance present in peroxidase preparations which rapidly rewts with 
HgOj activated by the enzyme The minimum amount of HjOj required 
for the formation of HjO, peroxidase compound can therefore be determmed 
only when this substance is removed or its concentration greatly reduced 
This can be attained either by purification of the enzyme preparation or 
oxidation of this substance by a gradual addition of HjOg until the two 
banded absorption spectrum of the HjOj peroxidase appears for the first 
time and then slowly disappears The amount of HgO* subsequently added 
to brmg back the absorption spectrum of HgOg peroxidase was found to 
correspond to one molecule of HjOj per atom of iron of total haematm 
present in the preparation 

On further addition of HjO, to a solution of enzyme which shows already 
a distinct absorption spectrum of HjOg peroxidase compound the absorption 
bands of the latter become diffuse and a new band begins to appear at 
683 m/i When the concentration of HgO, in soiution reaches from 15 to 
25 mol /g atom of iron of peroxidase the absorption spectrum is completely 
changed and the two previous bands of HgOj peroxidase are replaced by 
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two very strong bands lying at 583 and 545‘6 m/i On further addition of 
1^0, these two bands become stronger and they reach the maximum 
of intensity when the amount of HjOj added to the solution corresponds 
to about 100 mol of peroxide per iron atom of peroxidase haematm 
During this change in the absorption spectrum the colour of this solution 
turns deeper red and H,Oj undergoes rapid catalatic decomposition into 
water and molecular oxygen 

This newtwo-banded absorption spectrum belongs to a second compound 
formed between HjOj and peroxidase haematm Owing to the rapid 
decomposition of HjO* when added in excess of the amount required for 
the formation of the first HjO,-peroxidase compound we have been unable 
to determine the exact amount of HjOj which is necessary for the formation 
of the second peroxidase-peroxide compound 

Peroxidase haematm forms therefore with HjO, two distinct compounds 
showing very different absorption spectra The formation of the first 
compound probably reqmres one molecule of HjO, per atom of iron of per- 
oxidase, while the formation of the second compound takes place only m 
presence of a great excess of HjOj Both these compounds are unstable 
The decomposition of the first compound is greatly accelerated by the 
presence m the solution of a substance reacting with HjOg. The decom- 
position of the second compound, which is not as rapid as that of the first 
compound, is due partly to catalatic decomposition of HjO, and partly to 
the destruction of the enzyme. 

In purified enzyme preparations the decomposition of the first peroxide 
compound becomes much slower which makes possible a careful spectro- 
scopic study of this compound On addition of a little hydroqumone to 
such a stabilized HjOg- peroxidase compound the latter rapidly imdergoes 
decomposition liberating the free peroxidase. 

The same applies to the second peroxidase-peroxide compound In other 
words, m presence of an acceptor or substance undergoing peroxidatio 
oxidation the BgOj-peroxidase compounds are rapidly decomposed. In 
these experiments hydroqumone can be replaced by other substances such 
as pjrrogallol provided its concentration is so low that its oxidation product 
does not mask the colour of the enzyme Hydroqumone can also be replaced 
by ascorbic acid or NagSgOg, which removes the HgOg and hberates the 
enzyme, but the reaction in this case is complicated by the ability of 
NagSgOg to reduce the peroxidase haematin 
The formation of the peroxidase-peroxide compound can be observed 
even m the first crude extract of horaeradish of P Z 0 65 examined in a 
tube 6-10 cm long In this case, however, the addition of a leiige amount 
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of HjOj IS required for the formation of the compound and only the 
absorption bands of the second peroxide compound which are much 
stronger than those of the first compound can be seen The necessity for 
a great excess of HjOj m this reaction can be explained by the presence 
m this crude extract of a large amount of natural acceptor undergomg 
peroxidatic oxidation In fact the addition of HjO* to this extract turns 
its colour distmctly reddish and this change in colour cannot bt accounted 
for only by the formation of HjOj peroxidase compound as the concentra 
tion of the peroxidase haematin in this extract is much too small to affect 
the colour of the solution 

Statk of Haematin Iron in Pfroxidase 

In order to determine the valency of the iron m peroxidase haematin 
when it 18 combmed with HjOj the following experiments have been carried 
out 

(1) loc of a strong solution of pei oxidase distinctly showmg its 
absorption spectrum was put in each of three fhunberg tubes and the 
appropriate amount of HjO* for the production of the first HgOj peroxidase 
compound was put m the hollow stoppers Ihe first tube as a control was 
left filled with air and of the remaining two one was filled with pure Nj 
the other with pure CO The contents of the tube s were then mixed and 
rapidly examined with the spectroscope 

The absorption spectrum of the mixture in all three tubes was found to 
be that of the first HjOj peroxidase compound 

(2) In presence of a larger amount of H2O2 but the same gases the 
absorption spectrum of each solution was that of the second peroxide 
peroxidase compound 

( 3 ) Strong peroxidase solution distinctly showing its characteristic 
absorption spectrum was treated with HjO^ whik a rapid current of either 
Nj or CO was passing through the solution Wlien the first or the second 
compound with peroxide was obtaim d a drop of strong solution of hydro 
qumone was added to the mixture The compound was rapidly docompo^ 
hberating the peroxidase with tri valent iron winch is shown by tht 
appearance of the strong band at 646 m/ 

All these expenments show that in both compounds with peroxide the 
haematm iron of peroxidase remains m the trivalent state In fact we 
have seen also that while the absorption spectrum of HjO, peroxidase 
compound is not affected by the addition of potassium femcyanide when 
treated with NajSjO* its absorption 8|)ectrum is replaced by that of the 
reduced peroxidase haematin 
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Effect of Inhibitors on Peroxidase Haematin 

Among inhibitors of the peroxidase reaction, KCN as we have previously 
seen forms with the peroxidase haematin a definite compound with a 
distmct absorption spectrum On the other hand, sodium azide and hy- 
droxylamme do not appreciably affect the absorption spectrum of per- 
oxidase haematin 

However, if HjOj is added to a strong peroxidase solution in presence 
of sodium azide a new compound is formed with absorption bands lymg 
at 690 and 650 5 m.fi This compound differs spectroscopically from both 
peroxide compounds previously described and resembles somewhat the 
reduced peroxidase haematin That it is not a ferrous compound is shown 
by the fact that it does not react with CO and that only on addition of 
Na 2 Sj 04 18 a typical reduced peroxidase haematin compound formed 
As to hydroxylamine, the only evidence for its reactmg with peroxidase 
haematin is that when added in excess it prevents the formation of a 
compound between peroxidase and H,Oj 
It is important to note that HjO, has a great affinity for peroxidase 
haematin Added in an equivalent amount to KCN peroxidase (in presence 
of 0 001 M KCN), HjOj replaces the KCN from peroxidase gmng nse to 
the absorption spectrum of the first H,Og peroxidase It is somewhat 
difficult to reconcile this observation with the fact that KCN strongly 
inhibits the peroxidase reaction tested in the usual way 

We must not forget, however, that the spectroscopic study of reactions 
between HjOg, KCN and peroxidase haematin and the study of the in- 
hibitory effect of KCN on peroxidatic reaction are carried out under entirely 
different conditions In fact, in presence of the same concentrations of 
HgOg and of KCN the concentration of peroxidase haematin in spectro- 
scopic experiments is at least 200,000 tunes higher than the maximum 
concentration which can be used for estimation of peroxidatic activity 
Moreover, while the former experiments are earned out in absence of 
substances undergoing oxidation or acceptors, the latter is carried on in 
presence of a large excess of an acceptor like pyrogallol 


Relationship of the Concentrations of Total Haematin and 
Peroxidase Haematin to Enzyme Activity 

It was shown previously that there is a definite proportionality between 
the concentration of total haematin and the cataljdio activity of different 
peroxidase preparations This proportionality was striking for all the 
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enz 3 Tne fractions from P Z 1 to P Z 400 in spite of different methods used 
in their preparation (Elhott andKeilm 1934 ) The activities of these prepara 
tions plotted against their haematin contents gave a senes of points lying 
on a straight hne At P Z above 400 a distinct break in this line was 
noticed and a few points obtained with preparations between P Z 400 and 
P Z 818 were found to he on another straight line forming a distinct angle 
with the previous one 

Our new preparations ranging from P 7 10 to 700 plotted in the same 
way gave a number of points lymg on the first line described by Elliott and 
Keilm ( 1934 ) A very sudden break occurred however with a preparation 
of P Z 960-1000 the haematin content of which instead of being 1 68 % 
dropped to 1 2 % The point given by this preparation was found to he on 
the second hne of Elhott and Keilin 

The fact that the break in proportionality may occur at two different 
levels of enzyme activity and depends on the methods of purification 
suggests that we are dealing here not with one haematin but with a mixture 
of haematin compounds which give the same pyridine haemochromogen 
Peroxidase haematin represents therefore only a portion of the total 
haematin compound estimated as pyndine haemochromogen We have 
found on the other hand that there is a strict proportionality between the 
catalytic activity of the enzyme preparations and the concentration of the 
unmodified haematin compound in these preparations measured by the 
relative intensities of the absorption band at 646 m/i Estimated in this 
way the proportionality was found to hold good for all the enzyme prepara 
tions obtained so far which cover a wide range from P Z 10 to P Z 1600 

The relative concentrations of this haematin can be easily determined 
either by coraparmg directly the intensity of the band at 646 m^ 01 even 
better especially when dealing with preparations of lower activity by 
comparing the corresponding band of the fluoride derivative 

It 18 impossible however to determme the concentration of peroxidase 
haematin in terms of haerain or iron as we do not know yet whether the 
peroxidase haematin is the only haematin compound present even in our 
preparation of P Z 1600 


Haematin Compounds in Intact Roots of Horseradish 

A shoe of horseradish root 1 cm thick cut out from a wide portion of 
the root and exammed with a microspectroscope shows two absorption 
bands a strong band at 566 raji and a feeble band at 646 m/i These two 
bands represent only portions of absorption spectra of two different 
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haematin compounds Ibe first band is the a band of a baemochromogeo 
which 18 very widely distnbuted m cells of plants and animals (Keilin 
1925) The second (at 646 m^) is the band I of peioxidase The /? band of 
haemochromogen and the remaining bands of peroxidase being masked by 
a general absorption due to other plant pigments are invisible 

The two absorption bands which can be seen m the slice belong therefore 
to two bound haematm compounds one (haemochromogen) with divalent 
the other (peroxidase haematm) with trivalent iron Having recogmzed 
these absorption spectra it is interesting now to determine the quantitative 
relationship between these two haematm compounds and the total haematin 
of horseradish estimated as pyridine haemochromogen These estimations 
can be carried out on the same slice 

(1) The haematin content of the natural haemochromogen was estimated 
m the usual way by matching the absorption spectrum of haemochromogen 
in the untreated slice with that of pyridine haemochromogen obtained 
from haemm The concentration of the natural haemochromogen in terms 
of baemin was found to be from 0 0003 1 to 0 00046 % of the wet weight of 
the roots On treating a portion of this horseradish slice with Na^SjO^ the 
absorption band of haemochromogen remains almost unchanged In some 
places it increases slightly in intensity but it does not raise the total 
concentration of haemochromogen to a value higher than 0 00043 
0 00051 % 

(2) The concentration of peroxidase haematin in the shoe can be only 
estimated approximately by transforming it into the fluoride compound 
(cf p 123) and matching it with the fluoride compound of a purihed 
peroxidase preparation the haematm equivalent of which has previously 
been determined in the usual way As on the other hand we are not certain 
yet that the peroxidase haematin even in our preparation of P Z 1600 is 
the only haematin of this preparation the valut for the peroxidase haematin 
in the slice thus obtained will be if anything higher than its real value 

To transform the peroxidase haematin withm the horseradish slice into 
its fluoride compound the slice 1 cm thick is put into a Thunberg tube in 
a strong solution of Nah The tube is evacuated to remove all the air from 
the slice and when the gas bubbles cease to appear the air is let in The 
reaction is usually complete in 3 4 hr The advantage m estimating per 
oxidase haematin as the fluoride compound is obvious the band in the red 
becomes much stronger and is shifted towards the short wave side of the 
spectrum into the region where it can be much more easily seen Estimated 
in this way it was found that the fluoride haematin band in a 1 cm layer 
of horseradish was of the same intensity as the same band in a 0 375% 
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sdiution of peroxidase preparation of P Z 1000 examined m a layer 4 mm 
thick This shows that the P Z of horseradish should be at least 1 6 
The total haematm of this purified preparation estimated as pyndine 
haemoohromogen represents 1 2 % of its dry weight Assuming now that 
the whole of the haematm of this preparation belongs to peroxidase, the 
peroxidase haematm m horseradish sbce would be approximately 0 0018 % 
As the total haematm of this slice estimated as p 3 mdme haemochromogen 
18 0 003 %, not more and possibly much less than 60 % of it belongs to 
peroxidase haematm The remaining 40% and possibly much more of 
the haematm which appears as pyridine haemochromogen is present partly 
as natural haemochromogen and partly in some other bound form 
It may be noted here that in addition to the fluoride compound some 
other derivatives of peroxidase haematm can be seen duectly in horseradish 
slices treated m an appropriate way Thus, the NO compound can be seen 
m a slice of root kept m a Thunberg tube, washed with Nj several times by 
evacuation and hlled with pure NO 

The peroxide compound can be obtained by soakmg a number of sbces 
0 6 mm thick m HjOj and can be seen by examinmg spectroscopically a 
layer composed of 6-8 of these slices 


Summary and Conclusions 

( 1 ) Strong horseradish peroxidase preparation in slightly acid solution 
18 reddish brown m colour and shows an absorption spectrum of the 
methaemoglobm type composed of four bands I, 646 m/t, II, 583 m/i, 
III, 648 m// and IV 498 m/i 

(2) On makmg the solution slightly alkalme (pH 10) the four banded 
absorption spectrum is replaced by two bands at 683 and 649 mp 

(3) These two absorption spectra of peroxidase in acid and alkaline 
solutions belong to compounds with tnvalent iron 

(4) On addition of NojSjO*, the peroxidase haematm undergoes re- 
duction its solution turns distinctly red and the four banded absorption 
spectrum is replaced by two bands at 594 5 and 568 mp the first band 
being narrow and weak, the second wide and strong On the other hand, 
a boiled preparation of peroxidase when treated with NagSjO^ gives the 
absorption spectrum of an ordmary haemochromogen 

(6) The reduced peroxidase haematm forms a reversible compound with 
CO 

(6) Oxidized peroxidase haematm combines reversibly with NaF, KCN, 
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and NO forming compounds which show charactenstio absorption 
spectra 

(7) There is also evidence that it forms reversible compounds with 
sodium azide and hydroxylamine 

(8) Peroxidase haematin reacts with HjOj forming two distmot com 
pounds 

(o) A compound formed in presence of a small amount of UtO| 
probably one molecule per atom of iron of peroxidase haematm and showing 
two absorption bands at 561 and 630 6 m/i 

(b) A compound formed m the presence of an excess of H,Oj showing 
two very strong absorption bands at 683 and 646 6 mfi 

(0) Neither of these two compounds combines with CO and on addition 
of NajSjjO^ both compounds give a typical reduced peroxidase haematm 
We have therefore no indication that the formation of these two com 
pounds 18 accompanied by a change of valency of haematm iron 

(10) These two peroxide compounds rapidly decompose liberatmg the 
peroxidase The decomposition is much accelerated by the acceptor which 
IS present in plant extract or by the addition of other acceptors such as 
ascorbu acid hydroqumone or pyrogallol 

(11) The HjOj peroxidase is thus an enzyme substrate compound the 
formation and the reactions of which can be followed by direct spectre 
scopic examination 

(12) Ihere is no strict proportionahty between the peroxidatic activity 
of the enzyme preparations and the concentration of total heieniatin of 
these preparations estimated as pyridine haemochromogen 

(13) Ihere 18 however a distinct proportionality between the enzyme 
activity (from P Z 10 to P 7 1600) and the concentration of the haematin 
compound estimated by the intensity of the absorption band at 646 m/i 
or other bands of different derivatives of this haematm such as the fluoride 
compound Peroxidase haematm in these preparations represents there 
fore only a portion of the total haematin estimated as pyndine haemo 
chromogen 

(14) The identity of this peroxidase haematm with the enzyme is 
strongly supported by the following evidence 

(o) Proportionality between the enzyme activity and the concentra 
tion of the methaemoglobin like compound in preparations obtamed by 
various methods 

(6) Thermolability of this haematm compound similar to that of the 
enzyme 

(c) Formation of compounds between this haematm and 11,0, 
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(d) Formation of compounda between this haematin and various 
substances which affect the catalytic activity of the enzyme 

(e) The presence of a haematin compound in milk peroxidase prepara 
tions which has the same absorption spectrum the same properties and 
giving the same derivatives when treated by Na 2 Sg 04 CO KCN NaP and 
HjOj as the peroxidase haematin from horseradish roots 

(16) Peroxidase which shows great resemblance to methaemoglobin can 
therefore be considered as a compound of protohaematin with a native 
protein 

(16) The same haematin nucleus combined with throe different native 
proteins forms three distinct compounds methaemoglobin catalase and 
peroxidase which have many properties in common but show however 
stnking differences in the nature and magnitude of their catalytic activities 
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A Rapid Method for Determining the Lowering of 
Tension of Exposed Water Surfaces, with some 
Observations on the Surface Tension of the Sea 
and of Inland Waters 

By N. K Adam, F R S 

From the Str W %lliam Ramsay Lahoratortes of Physical and 
Inorganic Chemistry, University College, London 

{Received 26 November 1936) 

Ordinary methods of determining surface tension require a certain amount 
of apparatus and time and often disturb the surface thereby altering the 
tension of a water surface covered by a film of oil As jt was desired to make 
a number of observations on the amount of invisible contamination on the 
sea a method depending on the spreading power of drops of mixtures of 
different fatty substances has been worked out An oil will just spread 
against an amount of contamination which lowers the tension by an amount 
equal to the spreading force, or ‘ spreading coefficient of the oil 

Pure long chain hydrocarbon oils do not spread on clean water if small 
amounts of substances contaimng water attractmg groups m the molecule 
are dissolved m the hydrocarbon, spreading occurs, the spreading force 
depending on the amount of the second substance with the water attracting 
group in the solution The theory has been treated particularly thoroughly 
by Langmuir ( 1933 ) this paper is however concerned only with the appli 
cation of solutions of different concentrations of a substance such as dodecyl 
alcohol, in a pure, rather heavy hydrocarbon oil, to the determination of 
the surface tension of either fresh or salt water It is found that the behaviour 
of a single drop ot each of three or four such solutions, observed for half 
a minute or so, mdicates the value of the surface tension within an accuracy 
of 1 dyne/cm Calibration against water surfaces with oily contamination 
depressing the tension by known amounts is of course required, this is 
however quickly done once for all, and it is possible to find substances for 
the spreading solutions which behave similarly on waters differing widely 
m acidity and in salt content 

For the non spreading oil, a water white oil supphed by bhell Mex and 
[ 134 1 
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B,P.» Ltd., K.A. 30, and stated to contain approximately 87 % of higher 
parsfSns and 13 % of naphthenes, was used, for the spreading substance, 
»-dodeoyl alcohol, CnH^CHjOH; the ooncentrations varied from O-OS to 
1‘0%. The spreading power of each solution was ascertained by placing 
a drop on a surface covered by a unimolecular film under known surface 
pressure (lowering of surface tension), in a trough similar to those commonly 
used for investigating these hims on water (Adam 1926, 1930, pp 38 if ) 
In Table I are given the surface pressures against which the drops would 
spread slowly, to the nearest dyne/cm 

Table I 

Surface pressure 

% dodecyl against whioli slow 

alcohol spreading occurs 

0 OS Very alow spreading 

even on clean water 
0 07 1 

0 1 3 

02 6 

0 3 12 

0 6 16 

0 7 10 

1 0 22 

These figures were obtained on sea water On distilled water values 
about 7 % lower were obtained, but this discrepancy may be just within 
the error of the exiienment, and its cause has not yet been investigated 
The surface tension of sea water is 1 or 2 dynes/cm higher than that of 
fresh, owmg to the salts in it, but it is probable that these do not specifically 
affect the spreading force, which is equal to 7,<^-yo~7ow' where yo 
are the tension of the water and oil resjiectiveLy agamst air, and yQfy the 
interfacial tension of water against the oil The salts are likely to increase 
the surface tension of the water and the interfacial tension to the same 
extent Small amounts of acid or alkali in the water made no difference. 

Dodecyl alcohol was chosen instead of the more readily available hexa- 
deoyl (cetyl) alcohol, since the latter was insufficiently soluble in the hyiiro- 
carbon oil at room temperature Substances such as oleic acid, which contain 
an acidic water-soluble group, are unsuitable, because small alterations in 
the acidity of the water make a great deal of difference to the mterfacial 
tension while scarcely affecting the air-water tension, so tliat the spreading 
coefficient is very much altered It was found that the small difference 
in acidity between distilled and sea water made a very great difference to 
the spreadmg of solutions of oleic acid 


VoL cxxii— B. 
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The eurface teneion lowering (surface pressure) of any water surface can 
be estimated by placing drops of several of these solutions in turn on the 
surface, unless the surface is of large extent it is well to commence with the 
weaker solutions, otherwise if the stronger solutions spread they may 
temporarily contaminate the water surface A drop will spread nearly as 
fast as on clean water, if the surface pressure is 3 dynes/cm lower than the 
figure for that concentration of alcohol given in Table I, against one 2 dynes 
higher it does not spread at all There is little difiBculty in noting the change 
in behaviour of a drop caused by a change of surface pressure of 1 dyne/cm , 
if the surface pressure is not over about 16 dynes/cm , when the accuracy 
18 not quite so good The solutions under 0 1 % always spread rather slowly, 
probably because the alcohol takes a httle time to reach the interface 
between the water and oil 

It 18 possible to detect, and even roughly estimate the amount of, small 
quantities of oily contamination insuflBcient to lower the tension appre- 
ciably, 1 e quantities less than one complete unimolecular layer of oil. This 
18 done by gently decreasing the area of the surface, collecting and pushing 
the contamination towards the drop of say 0 1 % dodecyl alcohol solution, 
which has been allowed to spread on the surface to a small patch generally 
showing interference colours, using a piece of wood or other “bamer” for 
collecting the contamination and moving it along the surface towards the 
drop If there is appreciable contammation, the patch becomes flattened on 
the side nearest the approaching, generally quite invisible, contamination. 
The distance from the moving “bamer” at winch the side of the spread 
patch becomes flattened is a rough measure of the fraction of a unimolecular 
layer originally present on the surface The bows of a yacht movmg in still 
water do this automatically, if there is a very httle contammation, and tlje 
drop of O' 1 % solution is thrown just ahead of the bow and a httle to one 
side, it spreads at first but becomes flattened on the side nearest to the yacht 
as it 18 overtaken. If the surface is really clean, the spread patch, which 
may have been formed about 2 yd ahead of the part of the bow which 
approaches it, can reach the slight wave extending a few inches m front of 
the side of the yacht without appreciable distortion 

A set of a dozen or so small bottles, with thin glass rods m the corks, 
can be easily earned, mounted in a block of wood, and with their aid the 
determination of the surface tension of any open sheet of water becomes* 
extremely simple 

The results of some measurements of tension by this method, taken m 
August and September 1936, on the sea near the shore, in harbours or 
creeks, 8md on inland waters, follow 
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Lowering; of 

Date Place tension 

(1936) I Harbours 

Aug 24 Plymouth Sound, tide, half-ebb or lower. 

In most places, mcluding north 
side of Cattewater, middle of 
Sound generally, withm a mile 
or so of Drake’s Island, and 
main channel between Stone 
house and Cremyll 
But, withm 2 ft of a muddyl 
beach, half ebb, south side of I 6-20 
Cattewater f 

Near shore, close to pier, snialll 
bay where many children were !- 10-20 

paddlmg on a hot day j 

Just to leeward of mam sewage \ ^ 

outfall 'j 

Close to west shore of Sound, up 1 
to 600 yd out, about half a| kjq 
mile length just north of Pickol- j 
combo pomt J 



Remarks 


Probably clean 


Faint vigible 
traces of oil 


Sept 16 Portsmouth Harbour tide, beginnmg of ebb * 

Generally Loss than 2 

But near Gosport jetty and ml 

the oily looking track left by j- Over 20 

motor ferry boats j 

Near Nicholson’s yaixl ca 13 

(N B The appearance of the ripples indicated an invisible film of oil roughly 
3 yd wide along the Portsmouth shore, just below the dockj'ard ) 


Aug 31 

Milford Haven 




(Close to shore) West Angle\ 
Bay (Milford Haven) ) 

Less than 2 

Probably clean 


Angle Bay (Milford Haven) 1 
( more confined than West Angle 
Bay) J 

2-3 


Sept 1 

Pembroke Dock 




Close to south shore 

ca 6 



Middle of channel 

Less than 2 

Probably clean 

Sept 16 

Stokes Bay 




Generally 

Less than 1 



In neighbourhood of Gosport 1 
sewage outflow / 

3-16 



• I thank Mr H L Shuts for the observations m Portsmouth Harbour and 
Stokes Bay. 
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Lowering of 

Date Place tenmon 

(1936) I Harbours — cont 

Open sea, close to shore (a few yards out only)* 

Various Thorpeness (Suffolk) Less than 1 Probi 

Thurleetone (South Devon) „ 

Newgale sands (Pembrokeshire) „ 

Swanbndgo (small village near „ 

Cardiff) 

But, quite close to a very small \ ^ jq 

sewage outfall at Swanhndge J 

Creeks and basins 

A creek on Beauheu river.'j 
several miles from mouth, 2 ft. . ca. IS 
from muddy shore J 

Aldington basm, enclosed by 
lock gates (Shoreham harbour). 

Leeward end ca 18 

Middle ca 16 

Windward end co 6 

(The wmd concentrates the mvisible film to leeward ) 
Fawley creek (Southeunpton Less than 1 Prob 

Water) 

Small basin, Fawley 1-2 

Rivers and inland waters 
Tliamos, at Putney Bridge (tide Lees than 2 
ebbing strongly) 

Itchen, near mouth, at floatmgl 

bridge between Southampton j- Less than 2 

and Woolston j 

Severn, at Aust-Chepstow ferry „ 

Severn, at Newnham (end ofl 
ebb, watormovmgslowly down) / 

Severn at Newnham (just after) 
passage of “ bore”, very strung . 
current flowing up) j 

N B All the above rivers are dirty looking, the Severn exceptionally ii 
all but one had practically clean surfaces. 


About 10 


Less than 2 


II. Norfolk Broads district 

There was often some surface contamination, rather oapnciously distributed 
South Walsham Broad, and the Fleet Dyke close to it, showed little if any lowering of 
surface tension , Deep Dyke, at entrance to Hickling Broad, showed none at some 
tunes, up to 3 dynes at others (more m a visible patch of oil left by a motor boat). 
Horsey Mere showed parts clean and parts up to 7 dynes lowering, the Old Meadow 
Dyke between Horsey Mere and Hoigham Sound, about 30-4S ft wide, was usually 
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olean in the middle, but the Burfaoe tension within 6 ft. of the sidea was usually 
lower (lowering up to 10 dynes) The Bure, between Thume mouth and St Benet’a 
Abbey, had the tension S-16 dynes low These observations were not numerous 
enough to draw certain oonolusions 

The mam conclusions to be drawn seem to be as follows Open-sea 
water, except near to sewage outfalls, muddy beaches, large numbers of 
people in the water, or visible patches of oil, is free from invisible films of 
oil Creeks, small harbours, and confined surfaces of water may have their 
tension considerably below normal Rivers flowing fairly fast generally 
have the normal surface tension, slower streams may have lowered tension 
The tension is often lower near a bank than far from it The transparency 
of the water 18 no guide to the cleanhness of its surface, m general moving 
water is cleaner than stagnant, on the surface. 

Summary 

A very rapid method for finding the surface tension of natural water 
surfaces, based on observations of the behaviour of drops of solutions of 
a spreading oil in a non-spreading one, is descnbed Its eiccuracy is about 
1 dyne/om 

Prelimmary results indicate that, in general, the surface tension of the 
sea near the coast is that of clean sea water, except very near to sewage 
outfalls or obvious sources of contamination Creeks, small harbours, 
and confined areas of water may have their surface tension considerably 
below normal The tension of nver surfaces depends probably more on their 
speed of flow than on their transparency, some rapid, very muddy looking 
streams have the normal tension, while more sluggish, but clear streams 
or lakes may show considerable lowering of tension 
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The Surface Membranes of Muscle Fibres 

By W L Fbakcis* 

{Department of General Physiology, Rockefeller Institute for Medical Research, 
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Introduction 

The electrical properties of muscle are best explained in terms of the state 
of polarization of the surface of the muscle fibre The uninjured surface of 
an isolated frog sartonus muscle is oqmpotcntial Localized injury causes the 
injured part to be electrically negative to the uninjured surface This 
indicates that normally the outside of the surface is positive to the inside 
The same condition appears to exist in nerve fibres Stimulation of muscle 
or nerve causes an impulse to move along the fibre This impulse is a phase 
of depolarization which passes longitudinally along the surface of the fibre 
The action potential which is a consequence of the depolarization has been 
much studied, but httle is yet known of the nature and properties of the 
surface membrane at which the depolarization occurs A consideration of 
the results of studies on the electrical behaviour of large single plant cells 
promises to throw some light on this problem (Osterhout 1929, 1931, 

1934. 193s) 

The protoplasm of a cell of Valonia or Nitella forms a layer about 10 /i 
thick surrounding an aqueous vacuole This protoplasm consists probably 
of an outer and inner layer of non-aqueous matenal and an intermediate 
aqueous layer The evidence for this derives from (1) the shape of the action 
potential curve, and (2) the fact that a circuit consisting of cell sap — 
protoplasmic layer — cell sap has a considerable e m f , which would not be 
so if the protoplasm were homogeneous It is the purpose of this paper to 
apply the method of the second cntenon to muscle fibre, and to study this 
“asymmetry” potential It is difficult to apply the same cnteria to a 
muscle as to a large single algal cell for the following reasons ( 1 ) A muscle 
comprises many fibres and the response of the inner fibres to a solute in 
• This work was done during the tenure of a Rockefeller Foundation Fellowship. 

[ 140 ] 
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the external medium is governed by the time of diffusion of the solute into 
the muscle (2) An algal cell and a muscle fibre are histologically dissimilar 
(3) It IB impossible to extract the semi bquid contents of a muscle fibre in 
the way that sap can be taken from a large plant vacuole And an aqueous 
solution cannot be prepared of the same inorganic salt composition as 
muscle fibre because the phosphate lontent is too high and causes pre 
cipitation of Ca and Mg 

These difficulties are considered more fully below Instead of isolated 
fibres the whole sartonus of the frog was used A sartonus comprises 
200-400 fibres running parallel each about 40/i in diameter (Fulton 1926 
p 368) The longer fibres are 70 80 % of the length of the muscle le about 
2 cm in length The regular arrangement ot fibres m the sartonus makes 
it hkoly that conclusions denved from the whole muscle are also valid for 
individual fibres when allowance is made for diffusion ihe gastrocnemius 
muscle IS not suited to this kind of expenment because of the less regular 
arrangement of the fibres 

This paper reports the results gained bv using crushed muscle instead of 

sap and aqueous solution approximating m composition to the inorgatuf 
salt content of the muscle intenor 

The effects of these agents on the intact muscle are discussed in the light 
of the electncal properties of the surface membranes of the muscle fibres 

The Steucture and Compost nov of Mi scle Fibres 

The individual muscle fibre consists of a viscous interior enclosed m a 
tougher elastic external membrane The intenor although semi hquid has 
a definite structure which is revealed by staining or by examination of the 
hvmg fibre with ordinary light polanzed light and with X rays Further 
evidence on the nature of the fibre intenor is denved from physico chemical 
studies Hill and Kupalov (1930) from a survey of the analysis of muscle 
and from expenments on its vapour pressure decided that all the ions 
present m muscle are present in tree solution in the free water of lihe 
muscle No ions are immobihzed or bound A difficulty in this conclusion 
IS that the concentration of calcium magnesium pyrophosphate and 
phosphate ions in muscle far exceeds the values corresponding with saturated 
aqueous solutions of calcium and magnesium phosphates and pyrophos 
phates This may be because the pyrophosphate and phosphate are present 
as part of large orgamc molecules which prevent them acting as precipitants 
for Ca and Mg ions But if this is so it is difficult to understand how they 
are free to exert an osmotic pressure 
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Companng the muscle fibre with Valonvi orNttella, the external membrane 
of the fibre oorresponds with the protoplasmic membrane of the plant cell 
and the fibre mterior with the vacuole The analogy is not close because the 
fibre interior is contractile, viscous and rich in protein, but it resembles the 
aqueous solution present in the vacuole of NiieUa or Valonia in that the 
morgamc content of muscle exists as ions m the “ free ” water of the muscle 

Composition of Musclb Brei and of the Experimental Solutions 

The original desire to apply the contents of the muscle fibre to its outer 
surface is difficult to realize Instead of this the whole muscle was crushed 
and the brei so obtained used This introduces several errors The contents 
of the interfibrillary spaces and the material of the surface membrane are 
included with the contents of the fibres, and all these differ in composition 
Also the act of crushing initiates chemical changes which make the brei 
differ still further from the interior of the resting muscle These changes 
resemble those caused by extreme fatigue of the intact muscle, but have 
been studied less. They have to be taken into account in making up the 
substitute solution They are an increase in lactate, phosphate, ammomum, 
and hydrogen-ion concentrations, and in creatine (lactic acid, Fletcher and 
Hopkins 1906, ammoma, Pamas and Mozolowski 1927, creatine, Needham 
1931, p 68, Hill and Kupalov 1930, p 469) The increases are greater still 
in death ngor than in fatigue, and presumably resemble those caused by 
crushing The effect of crushing the muscle was mvestigated experimentally 
in two particulars, the vapour pressure and the pH 

Resting muscle is isotomc with 0'726 % NaCl solution Fatigue causes 
an osmotic increase of 0 36 % and ngor of 0 46 % Muscle in ngor is 
thus isotomc with 1176% NaCl solution There seem to be no direct 
observations on the vapour pressure of muscle brei It has presumably the 
same approximate value To check this the vapour pressure of muscle brei 
was determined by direct comparisons with solutions of NaCl by Barger’s 
method It was found that the osmotic pressure of fresh brei is the same as 
that of about 1 06 % NaCl (ef fatigue 1 076 % , rigor 1 176 %) but increases 
slowly with time 

The pH of resting muscle fibre is about 7 and of fatigued muscle about 6 6 
(see Hill and Kupalov 1930) These figures rest on measurements with the 
glass electrode on muscle extract, on colonmetnc observations with phenol- 
red mjeotions, and on calculations from the Henderson-Hasselbalch equation , 
knowing the CO, pressure Meyerhof (1930, p 21) found pH 7 3 for resting 
muscle, pH 6 6 for fatigued muscle, and pH 6 for muscle killed with ohloro- 
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form He used the quinhydrone electrode with an aqueous muscle extract 
In the present experiments the quinhydrone electrode was used directly 
with the crushed muscle This electrode has been used satisfactorily for 
pH measurements on the muscles (Benson 1928) and nerves (Root 1934) 
of fish Clark (1928) refers to the protein error of the quinhydrone 
electrode This is apparently senous with haemoglobin but is not general 
since with gelatin solution and gels up to 3 % the electrode is trustworthy 
(Francis 193 1 ) as well as with muscle and nerve which contain much protein 
The value obtained with fresh brei was pH 7 05 ± 0 1 On standing the pH 
fell to a steady value of pH 6 4 ± 0 1 reached after about 18 hr 

Usmg all available data the following composition was finally adopted 
for the aqueous solution resembhng brei (given in molalities) 

Solution A 

0 109 Cl 0116 

0 038 PO« 0 010 

0 007 HCO, 0 007 

0 014 Lactate 0 063 

0 005 Creatme 0 023 

/H 66 

The phosphate figure cannot be increased to the actual value for muscle 
because it already represents the bmit of solubihty chlonde is used instead 
The other expenmental solutions were made by the appropnate mixing 
of the following solutions NaC10 124M KCl 0 124M CaClj 0 086 M and 
solutions of pnmary and secondary phosphates of potassium and sodium 
of pH 7 and 0 116M with respect to phosphate These solutions are all 
isotomc with resting muscle le hypotonic to the brei Analyses have 
shown that the mtenor of the muscle fibre is nch in potassium and phosphate 
and the spaces between the fibres nch in sodium and chlonde (Gellhom 
1929 p 103 Mond and Netter 1930 1931) Solution 4 (Table II) contaimng 
0 116M potassium phosphate buffer pH 7 thus represents the nearest 
approach that can be made with morgamc solutions to the fibre contents 
Solution A 1 represents the nearest possible approach with available sub 
stances to reproduce the inorgamo and orgamc content of the whole muscle 
It contains 

Creatine 0 027 M adenosme (from yeast) 0 007 M adenyhc acid (from 
yeast) 0 008 M orthophosphate 0 01 M lactate 0 003 M bicarbonate 
0 007 M and the remainder chlonde and the cations 111 the proportion in 
which they exist m restmg muscle 


T tal molality 0 39 i e equi 
valont to 1 14 % NaCl 


Ca++ 

Mg++ 

NHJ- 
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Diffusion Potentials 

It wa8 of interest in the interpretation of later results to know the diffusion 
potentials between brei and the various expenmen tal solutions used. 
The oirciut measured consisted of 

Calomel I Saturat©<l j Thread im- i Fresh brei I Saturated I Calomel 
electrode KCl bibed with KCl electrode 

I I solution I I I 

Pi P, P, 

The figures obtained are shown in Table II 

If we assume that the potentials at the interfaces saturated KCl brei 
(P3) and saturated KCl solution (P,) cancel out, the figures in the table 
measure the potential P^ = ^ at the brei solution interface The electro- 

lytes in the solution tend to diffuse into the brei and the electrolytes in the 
brei tend to diffuse out into the solution Between solutions 3 and 4 a senes 
of solutions was used in which the proportion of Ca and Cl was progressively 
diminished and those of K and PO4 increased As this is done the value of 
Egi, falls and finally (solution 4) is reversed in sign The sign of E,h shows 
(for solutions I, 2, and 3) that the tendency of cations to diffuse faster than 
the anions is greater in the direction brei to solution than in the reverse 
direction That this is indeed the case for the phosphate (>ontammg com- 
pounds in muscle is shown by the figures of RothscliiJd (1929) obtained from 
dialysis expenments This tendency is progressively diminished and finally 
reversed by changing the composition of the solution so that the proportions 
of fast-movmg cations (K) or slow-moving anions (PO4) are increased 
Except in buffered solutions the potential changes slowly with time in the 
sense demanded by the increasmg acidity and electrolyte concentrations of 
the brei with time 


Experimental 

Sartoni of small frogs {Rana jnptena) were used almost exclusively 
3-4 cm in length and 1-2 mm in thickness were usual dimensions The 
sartom with the knees attached were dissected, separated at the pubis with 
a mimmum of injury and left in Ringer solution for I hr After this treatment 
no potential difference above 1 mV existed over the intact muscle surface 
CompansoBS of the effect of brei and expenmental solutions were made 
by the simultaneous use of twin sartoni Each intact muscle was carefully 
blotted and placed with the ends m separate pits (2-3 c c capacity) m a 
block of paraffin wax The part of the muscle exposed between the pits was 
placed upon, and covered with, a layer of vaseline One pit was filled with 
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Ringer solution and the other with the experimental solution or with brei 
The whole preparation was kept under a glass cover between measurements 
In this way short circuits and evaporation were avoided and the treatment 
could be studied for long periods Connexion to the calomel electrodes was 
made Irora the brei with a thread moist with saturated KCl solution and 
from the expenmental solutions with threads soaked m the particular 
solution used The errors due to short circuits along the umnjured or un 
treated surface of the muscle must be guarded against When injury 
potentials are being measured the best way to make contact with a cut end 
of the muscle is by means of filter paper or thread soaked m the solution 
A constant short circmt is made by the liquids between the fibres 
Hober (1905) showed that jireliminary soaking of the muscle in sugar 
solution which washes out the electrolytes between the fibres increases 
the value of the injury potential Experiments in confirmation of this 
showed that if twin sartoni are soaked for 2 hr one in Ringer and the other 
m isotomc sucrose solution the injury potential in the latter case is 20-26 % 
greater than in the former but does not 8ur\ ive as well Sugar treatment 
also abohshes the imtability and enhances the oxygen consumption of 
muscle (ieim 1930) Because ofthese signs ofharm to the muscle soakingin 
sucrose solution was avoided as a routine except when especially desired 

Effect of Muscle Bbbi on Jnt^ct Muscle 

The effect of brei apphed to the intact muscle was in the same sense as 
the effect of cutting The place treated became negative in the external 
circuit to the rest of the intact surface The potential increased at first just 
as the injury potential of cutting does After about 1 hr it stayed steady 
Twin sartom gave almost identical results if the brei was apphed to the 
thigh end of one and the knee end of the other When the brei had produced 
a steady potential {A fig 1 ) the muscle was cut at the brei treated part 
and the cut surface left m contact with the brei The potential rose at once 
to a new steady value B This is the injury potential of the muscle when 
brei 18 in contact with the cut surface or in other words the restmg jiotential 
of the umnjured muscle surface measured on the following system 

+Calomel I Sat I Rmger I Intact Muscle | Cut brei I Sat | Calomel 

I KCI I solution I surface | ulterior | | Ktl | 

The sign refers to the potential as measured in the external circuit The 
steady potential previous to cutting is that of the system 
+Calomel 1 Sat I Ringer 1 Intact | Muaolo j Intact I Hr 1 I Sat , Calomel 
1 KCl I solution I surface | mtorior j surface | I KCl | 
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The abrupt rise (ri to JB, 7 mV) on cutting is the difference of these systems 
and therefore measures the p d of the cham 

~MuBcle interior | Intact surface | 6rei+ 

Table I mdicates the corresponding potentials for the protoplasmic mem- 
branes of some Targe algal cells when the following system is measured 

Sap in vacuole | Protoplasmic membrane | Sap outside 



Fro I — Effect of crushed muscle applied to the exterior of rto mtact sartorius 
Equilibrium jwtential at A On cutting miwolo at treated part injury potential B 
IS obtained 



Table I 

Resting 

Asymmetry 


[lotential 

potential 

Material 

mV 

mV 

Muscle 

+ 67 

+ 7 {bre 

NiUUa 

-I- 200 

- 16 

Valonta 

- 10 

-65 

Haltcyatts 

-I- 70 

-1-60 


The sign is that of the external surface in the external circuit The figures for 
muscle are the average of 33 separate determmations 

Assuming that the seat of the potential in muscle is at the surface 
membrane of the fibre and that brei is the same as the fibre contents, 7 mV 
is a measure of the electrical asymmetry of the surface membrane This is 
of the same sign as the asymmetry of the protoplasmic membrane of 
Hahcyslia and opposite in sign to that of Nttella and VaUmia The asymmetry 
in the algal cells is probably due to the difference in composition between 
the outer and inner non-aqueous layers of the protoplasmic membrane. 
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The same explanation may hold for the surface membrane of the muscle 
fibre or, more simply, the results mdicate that the internal and external 
surfaces of the muscle-fibre membrane are electrically different 
The effect of brei on the restmg potential of mtact muscle is reversible. 
Long treatment with brei (2 hr or more), however, destroys the complete 
reversibility and also injures the muscle which becomes swollen and opaque. 


Effect of Experimental Solutions 

The various solutions prepared as descnbed above were used m exactly 
the same way as the brei Their effects on the muscle potential were the same 
in respect to reversibility and time relations as the effects of brei The 
potentials developed are shown in Table II In each experiment twin 
sartoru were compared, one being treated with brei and the other with the 
experimental solution, Each figure represents the mean of at least four 
separate expenments 

Table II 

Rise in 

Diffusion Difference potential 
potential between on cutting 
against solution at steady 
brei and brei state 

Solution E, t effect E, Ec , E^ E, 

1 Ringer solution pH 7 16 66 48 — — 

2 Solution A 12 14 6 7 6 48 27 

3, KCIO 109M,CaCI, OOIM 9 6 14 6 47 30 6 

4 Potassium phosphate —46 — 6 0 32 39 

buffer 0 116 M pH 7 

6. Solution A1 -2 -2 06 39 40 


It 18 seen that the values of and decrease side by side The value 
of E^j however remains between 6 and 7 6 mV for all solutions containmg 
0 019 M of potassium ion (the concentration present m muscle) irrespective 
of the value of Only when the concentration of potassium exceeds 
this value, e g m nos 4 and 6, does the value of E^j, fall 

The nse in potential on cutting at the steady state, E^j , , is a measure of 
the difference between the two following systems 

Muscle interior | Membrane | Solution (before out) 

JS?, 

and 

Muscle mterior j Solution (after cut) 

E, 


Thus for solution A, E,_^ = {E^ + E^) -E^ = 7-6 But, assuming muscle 
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intenor and brei are the same in respect of diffusion potentials, it is known 
that = i ?3 = 12 , therefore + J!?, = 19 mV. Since solution A approxi- 
mates in morganic content to the muscle interior this potential indicates 
considerable electncal asymmetry of the surface membrane of the muscle 
fibre The asymmetry revealed by the use of brei amounted to 7 mV, a much 
smaller value This discrepancy suggested that diffusion potentials may play 
a part m the effect of solutions on the muscle surface This suggestion is 
supported by the fact that the difference between the solution and the brei 
effect {Ef) vanes in the same sense as the diffusion potential between the 
solution and brei This indicates that the potential E^ + E^ mcludes a 
diffusion potential which is of the same order as that of the solution against 
brei This diffusion potential which exists between the solution and the 
intact surface or between the solution and the fibre intenor across the intact 
suiiace, was investigated further as follows 


Diffusion Potentials at the Muscle Surface Membrane 

Two senes of solutions were used One consisted of the solutions m 
Table II and the other of the same solutions diluted one-tenth with isotomc 
sugar solution The method of mounting the muscles was the same as before 
Twin intact sartoni were equihbrated for 1 hr in Ringer solution and then 
left in isotomc sucrose solution for 1 hr with several nnsings This should 
remove the liquids between the fibres. One sartonus is cut and brei apphed 
to the cut end and the injury potential measured with the sugar-diluted 
solution on the intact surface This gives the p d of the system 

Sat KCl I Solution | Intact | Muscle 1 Cut brci 1 Sat KCl 

1 C/10 I surface j interior 1 | 

This IS the potential {E^) across the single intact surface with adventitious 
diffusion potentials so far as iiossible nummized The other twm muscle is 
kept intact and treated with the diluted solution at one end and the plain 
solution at the other. The system then measured is 

Sat KCl I Solution I Intact I Muscle I Intact I Solution C j Sat KCl 

I C/10 I surface | interior | surface | { 

This potential (Eg) is the algebraic sum of the potentials across the surface 
membrane at the point of apphcation of the two different solutions The 
values of E^ and Eg for the different solutions are given in Table II Agam, 
it 18 seen that the order of the effect of the solutions on the mtact surface 
is the same as the order of the diffusion potentials of the solutions agamst brei 
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The Role of Diffusion 

Before proceeding to the diaouseion of the foregoing results it is necessary 
to compare the observed times taken for steady potentials to develop with 
the brei or solutions, with the times calculated for the muscle to come to 
diffusion equihbnum with substances m solution For the purposes of 
calculations a sartonus may be treated as a solid bound by two parallel 
surfaces exposed to the diffusing substance at each surface For this case 
an equation has been given by Hill (1928) 

The only substances apart from carbon dioxide and oxygen for which the 
diffusion constants in muscle are known are lactic acid and sodium phosphate 
at pH 7*2 (Eggleton, Eggleton and Hill 1928, Stella 1928) The diffusion 
constants of the substances present in brei and in the solutions used are 
probably of the order of 10-® in resting muscle The comparison shown m 
Table III may then be made 

Table III 


Diffusion 

Substance constant 

io-« 

io-» 

Lactic acid (resting 6 x 10-‘ 

muscle) 

Lactic acid (fatigued 6 x lO"* 

muscle) 

Sodium phosphate 6 x lO"* 

(fatigued muscle) 


Equilibrium time for muscles 
1-2 mm thick (mm ) 


Calculated 

25-100 

260-1000 

107-668 


Found 

For muscles treated 
with brei or expen- 
mental solutions 
30-60 


The difference between the times calculated for saturation by diffusion 
and the times expenraentally found for maximum potential to develop is 
considerable This means that penetration of the diffusing substance into 
the interior of the muscle fibre is far from complete by the time the diffusing 
substance has produced its maximum effect on the restmg potential Nojv 
it IS likely that diffusion mto the spaces between the fibres occurs at the 
same speed as in aqueous solution, 1 e 10-100 times faster than through the 
whole muscle On this assumption {le K = 10“*) the time calculated for 
the spaces between the fibres to come to equihbnum with a diffusion 
substance is of the same order as the tune taken for the resting potential 
to reach a new steady value Once the spaces between the fibres are filled 
with diffusing substance the latter has immediate access to the fibre 
surfaces which are the seat of the restmg potential. In this way it is possible 
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for the diffusing substance to achieve its effect on the resting potential long 
before it has penetrated the interior of the fibres to saturation point. 


Discussion 

The conclusions that may be drawn from the measurements described in 
this paper are best made clear with the aid of a diagram (fig 2) A single 
fibre, representing one of the units of which the sartonus is budt up, is 
depicted cut at C The external membrane is shown with an inner and outer 



Fig 2 — Diagram of hypothetical single potentials at the surface membrane of a 
single muscle ftbre See text for key to symlxils 

surface The p d between the inner surface and the intenor of the fibre is 
indicated by the arrow x The potentials existing between the outer surface 
and Ringer solution, brei, exjienmental solution and the same diluted to 
one-tenth are indicated by arrows r, b, a, and Sj\0 resjiectively The arrows 
a i and b i indicate the jiotentials betw'een the expenmental solution and 
brei, and the fibre interior These single potentials have no real meaning but 
are a useful mental aid It is their differences that are experimentally 
measured 

The potential caused by brei treatment {E^) is thus, in terms of the 
separate potentials figured, 

Ei, = r + x-(b + x) = r-b = 57 (1) 

When the muscle is cut the potential becomes 

E^ = r + x-bt =64 (2) 

Whence, by subtraction, 

x-^b-b.t =7 (3) 

Hitherto it has been assumed for simphcity that 6 t = 0 
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By Buuilar arguments the potentials found expenmentally (Table II) can 

be expressed m terms of the single potentials presumed to exist Thus 

bcj=a+x-8t (4) 

alia -a (5) 

Ea = a/lO + x-bt (6) 

Ea-E, = a + x-b* (7) 


Using these equations one can evaluate the asymmetry potential (a p ) 
of the surface membrane of the muscle hbres This term should strictly 
speaking only be used to designate the potential across the surface mem 
brane when the fibre contents are present on both sides It is used here 
however for the potentials obtained when brei or various substitute 
solutions are used on the outside surface The a p obtained with brei 
18+7 mV (equation (3)) This assumes the potential (b i ) between brei 
and fibre intenor is zero Actually it is probably small and positive 
Ascribing it to the difference in potassium concentration difference between 
brei and interior (0 109 and 0 124 M respectively) it would be +3 mV 
thereby making the ap for brei +10 mV reckoned outwards from the 
fibre surface 

Two sets of values for the a p with solutions are obtained one usmg the 
same method as with brei (equation (4)) 

a p = « + x = Aco +« 1 

and the other using solutions diluted with sucrose (equation (7)) 
ap = 3 + x-bi 

The a p s by these two methods are compared in Table IV In deriving 
these values it is assumed that h i is zero and that at = E,/, that is that 
the diffusion potential between solution and fibre interior is the same as 
between solution and brei The error in these assumptions is likely to be 
small and in the same direction m each column This is borne out by the 
very fair agreement of the values for the a p s obtained by the two different 
methods It is clear that the a p vanes with the diffusion potential of the 
solution against brei Further measurements not recorded here confirm this 
for solutions intermediate in composition between nos 3 and 4 This indicates 
that the surface membrane of the fibre is the seat of a diffusion potential 
and that the lomc mobibties have the same relative order through the 
membrane as in free solution It may be seen from the equations that x the 
potential difference presumed at the intenor between fibre intenor and 


Vot CXXII— B 



152 


W. L. Francis 


membrane, cannot be separated from the other potentials It must be 
considered together with the potential at the outer surface of the fnembrane 
as part of the diffusion potential between the inside and outside of the fibre. 




Table IV 




Diffusion 

Asymmetry potential 

Asymmetry 


potential 


. 

potential 

Solution 

against broi 

ap =g+x—b i 

a p =B-\-x 

mean 

no 


=Ei-E, 

= Ee, +B t 

value 

fi(Al) 

-2 

-1 

06 

0 

4 

-46 

-7 

-46 

-56 

3 

96 

16 6 

16 5 

16 

2 

12 

21 

10 6 

20 


The solutions most nearly resembling the fibre interior which have so far 
been used are isotonic potassium phosphate buffer (no 4) and solution A 1 
(no 6) Those give a p ’s reckoned inwards of 6 5 and 0 mV respectively 
It has not proved feasible in making these substitute solutions to use the 
phosphorus-containing substances in the form in which they exist m muscle 
Such comiwunds, adenine pyrophosphate, hexose phosphates, and creatine 
phosphoric acid, by giving large anions of low mobilities (Rothschild 1929), 
would give a greater a p reckoned inwards Similarly, the use of the muscle 
proteins at pH 7, which is on the alkalme side of their isoelectno points, by 
providing large amons would again tend to increase the a p, reckomng 
mwards If these improvements could be made a final value of 10-20 mV 
for the a p directed inwards may be exjiected (compare Table I) It should 
be pointed out that in all this work complete osmotic freedom of the ions 
within the fibre is assumed If a proportion of the ions is bound then the 
ionic concentration of the solution necessary to resemble the fibre interior 
will be less and as expenments show the a p will be correspondingly greater 

The Potassium Effect 

Previous workers have shown that when solutions of potassium chlonde 
of various concentrations are put on the muscle, the resting potential is 
related logarithmically to the potassium concentration used 
E, „ RT, K 

where K is the potassium concentration and E^, are constants. (Hober 
1926, p. 732, Hegnauer and others 1934 ) This has been taken to mean that 
the surface membrane of the fibre is permeable only to potassium ion, the 
concentration of wluch thus controls the potential Recent stoichiometric 
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work (Fenn and Cobb 1934 Mond and Netter 1931) shows however that 
permeability to other ions e g H and HCOj also exists and Hober (1926) 
and Seo (1924) have shown that the resting potential vanes with different 
ions aooordmg to their position in the Hofmeister senes This however is 
related to the effect of the ions on the colloidal stabihty of the 6bre surface 
rather than to the mobihties of the ions through the surface The potassium 
ion 18 thus not umque though it is paramount where the permeability and 
potential across the fibre surface are concerned 

The potentials ranging from 32 to 48 mV between solutions dififenng 
m K concentration by a factor of 10 should all be equal to 68 mV if the 
muscle surface were permeable only to K ion Similarly the injury potential 
of a muscle in Ringer solution should be 104 mV if only the K concentration 
difference between inside and outside were concerned Actually it is 64 mV 
The difference is too great to be due to short circmting by the liquids 
between the fibres which at the most causes a loss of 20 % of the potential 
and this loss was avoided in the measurements of by prehminary soaking 
m sucrose solution Clearly the potassium ion alone does not control the 
potential differences observed The work rejiorted in this paper draws 
attention to the contnbution made to the potential across the surface 
membrane of the fibre by othei ions when the potassium concentration is 
kept constant All the measurements (Table II) show that the potentials 
are symbatic with the diffusion potentials of the solutions against brei that 
18 with the relative mobihties of the amons and kations in aqueous solution 
and also presumably tlirough the membrane 

Ihe author is grateful to Dr W J V Osterhout lor his hospitahty and 
advice to Dr J Cray F R S for his constant interest and to Professor A V 
Hill Sec R S for his helpful comments 

Summary 

Experiments on the nature of the electiical potential existing at loss, the 
surface membranes of the fibres of frog muscle are descnbed bolutions 
approximating in content to the comjxisition of the interior of the muscle 
fibre were prepared These were apphed to the outside tf the muscle and 
the potentials set up were measured From the measurements it was 
concluded that if the contents of the muscle fibre were applied to the outside 
a potential across the membrane of 10-20 mV directed inwards would exist 
This asymmetry potential points to a difference in electncal properties 
between the inner and outer surface of the membranes of the muscle fibres 
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The effects of the vanous ions present in muscle on the surface membrane 
potential were also studied and are discussed. Apart from potassium it was 
found that the effects of the ions could be related to their mobihties in 
aqueous solution. 
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The Relations between Surface pH, Ion Concentrations 
and Interfacial Tension 

By James fKEDERio Danielli CommmweaUh Fund FeUmo 
From the, Phyatologtcal Laboratory Prxncdon University 
(Communicated by N K Adam L BS— Received 16 July 1936) 

The j)H of a surface phase cannot be estimated by the methods available 
for bulk phases m this paper an attempt is made to estimate the pH of a 
surface phase by analysmg the behaviour of carboxyl groups m an adsorbed 
interfacial film The work of Dorman (1899) Jahriach (1922) Hartndgeand 
Peters (1922) and Peters (1931) has shown that the interfacial tension 
between solutions of long chain acids or amines and aqueous solutions is 
much lowered when the pH of the aqueous phases is such that the end 
group of the acid or amine which forms the interfacial film between the 
immiscible solvents is electrolytically dissociated The interfacial tension 
IS low on the alkalme side and high on the acid side for the fatty acids but 
low on the acid side and high on the alkabne for the amines The change of 
tension takes place over the pH range 6-10 and the form of the curves 
relating mterfacial tension to pH is strongly reminiscent of the change of 
dissociation with pH mdicating that there is a close relationship between 
the mterfacial tension and the degree of dissociation 
Close inspection of Peters s curves shows however that the range of pH 
over which the it* change occurs with the fatty acids is about 3 units of 
pH more alkahne than the range over which dissociation occurs in bulk 
phases also that dilution of the buffer solutions without change m pH may 
cause a rise in i t Acceptmg the view that the changes in i t arc due 
largely to changes m ionization of the carboxyl or ammo groups in the 
surface film these results strongly suggest that the pH in the surface layer 
may not be the same as m the bulk aqueous phase 

Such differences of pH between surface and bulk phases in equihbnum 
with one another might be of great Importance m biologi al processes In 
this work further experimental evidence is obtained of this difference and 
it 18 shown theoretically that it may amount to several umts of pH The 
* Tl e abbreviation 1 t will be used for interfsM! al tens on 
[ 166 1 
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influence of the speciflo nature of the cations in the aqueous phases is also 
inTestigated The interfaces investigated were partly chosen for their 
suitability for a later investigation of the behaviour of protein films at 
interfaces. 


Experimental 

Oleic and palmitic acids, cholesterol, and lecithin were used, dissolved in 
brombenzene The brombenzene was purified, usually by shaking with 
solid banum hydroxide, followed by fractional distillation under reduced 
prefesure, until there was no diminution in the interfacial tension against 
distilled water after standing m contact for 24 hours Brombenzene is an 
excellent solvent for the materials used, is easily purified from surface- 
active impurities, has a low vapour pressure, and is denser than water 
The last property is particularly oonvement for tensimeter measurements. 
The palmitic acid (Eastman Kodak Co ) was recrystalhzed twice from 
methyl alcohol and three times from benzene The cholesterol initially 
contained an acid impunty which was not removed by three crystalliza- 
tions from benzene , but five crystalhzations from methyl alcohol, followed 
by three from benzene, were sufficient to abolish nearly all the lowenng of 
IT by alkaline solutions The oleic acid ordinanly used was the best 
supphed by the Eastman Kodak Co , a part of this was purified by the 
method of Lawrence (1929) without materially affectmg the results 
Ijecithin was punfied by the method of Levene and Rolf (1927) 

All solvents, including water, were distilled from an aJl-glass (Pyrex) 
apparatus The buffer solutions were acetate, borate, phosphate, and 
glycine, made up according to Clark’s directions but with the strengths 
adjusted to 0 4 M m cations, not anions, as is the usual procedure To 
avoid surface-active impunties in the soda, clean metallic sodium was 
dissolved in water covered by ether, as described by Clark (1928) pH 
deterrmnations were made with a glass electrode {cf Mclnnes and Belcher, 
1933), using constant boihng hydrochloric acid as standard 
Most of the I T measurements were made with du Nouy’s tensimeter 
(1925), checked occasionally by drop-weight and capillary nse measure- 
ments The drop-weight results were usually a few tenths of a d3me higher 
than the tensimeter, and the capillary nse, a similar amount lower, 
possibly because the contact angle was not zero Measurements were made 
at 21° C ± 1 

All apparatus was cleaned with hot chromic acid, followed by soaking m 
clean tap water for 24 hours, or, with vessels required for a long senes of 
measurements, by steaming 
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RBStTLTS 

a — Effect of Concentration of Organic Solute, in Absence of Salts 

Fig 1 shows that the maximum, final lowenng of i t vanes a great deal 
with different solutes, but that it is reached practically m all oases when 
the bulk concentration is 1 % The values given are final ones, obtained 



Fio 1 — Interfacial tension and concentration of surface-active substances • Chole- 
sterol, -b palmitic acid, X oleic acid, O lecithin 

after the i t had become steady, which took some hours with the more 
dilute solutions, at 1%, steady values were obtained m not more thstn 
10 min The hmiting values for the lowenng of i t are given m Table I 

Table I — Reduction of i t Bbombbnzbne against Distilled Water 

BY ADDITION OF 1 % OF VARIOUS SUBSTANCES 
Dynes 

Cholesterol 4 1 

Palmitic acid 6 3 

Oleic acid 17 6 

Lecithm 26 6 
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The reproducibility of individual measurements was usually 0*2 dyne, 
except for the cholesterol solutions, when it was about 0-d d 3 me, the 
pomts are the mean of two or more determmations 

b — The Effect of Variatton of pH and Cotton ConcerttrcUton 
It was desired to work mainly with surfaces on which the maximum 
amount had been adsorbed, so that the surface concentration of dissociating 
groups should not vary As the experiments of the preceding section indi- 
cated that the maximum lowermg of i t was usually obtained at bulk 
concentrations below 1 % , the following results were obtained with 1 % 
solutions m the brorabenzene for cholesterol and palrmtic acid, and 10% 
with oleic acid 



Fia 2 — Effect of p\i on I T of solutions with nearly saturated surface layers, 
0*4 M buffers 

Fig 2 shows the effect of pH , the buffers bemg, for the curves with the 
full lines, 0 4M 111 cahon Over the range 1-4 of pH all full-hne results refer 
to hydrochloric acid with sodium chloride added to bring the cation con- 
centration up to 0 4M The two acid solutions gave the usual fall of i T 
between pH 5 and 9 For palmitic acid, the i t ’s above pH 8-6 may be 
slightly too high, owing to the separation of sohd soap at the interface 
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The neutral substances brombenzene alone and cholesterol gave a very 
slight fall with increasing alkahmty over about the same range it is un 
certain whether this is due to the substances themselves or to traces of acid 
impurities 

With the acetate buffers and still more in a few experiments not 
recorded on the curves with phthalate buffers there was a perceptible fall 
of I T mcreasmg towards the acid side giving the dotted curves This is 
probably due to the adsorption of undissociated acetic acid (cf Adam 
1936) Peters (1931) found a similar effect with phthalate buffers and 
Adam and Miller (1933) working with insoluble unimolecular films found 
evidence of an increase in surface pressure produced by adsorption of 
phthabc acid These may be regarded as very simple cases of the film 
penetration recently studied by Schulman and Hughes (1935) 

The broken curves are for glycine buffers made up without sodium 
chlonde and therefore contaimng much less than 0 4 M cation The fall m 
I T 18 much smaller at the same pH At pH 8 6 the socbum concentration 
was about 0 01 M It is evident that the concentration of cation is as 
important as the pH for producing this fall of i T 

With lecithin which is an amphotenc substance a few less accurate 
results were obtained the most stnkmg characteristic of these being a 
maximum mix between pH 6 6 and 7 5 


c — Effect of Simple Dilution of Buffer Solutions 

Fig 3 o shows the effect of dilution of the phosphate and borate buffers 
wath distilled water on the i t against a 1 % solution of palmitic acid 
Occasionally the twentyfold dilution caused a change of pH of a few tenths 
of a umt and this has been taken into account m plottmg the curves The 
effect of dilution is to shift the curves parallel to themselves about 114 pH 
umts for each twentyfold dilution Fig 3 h shows a shift for 10% oleic 
acid very similar in direction and magnitude In the more alkaUne range 
and the higher dilutions it was found that the amount of base removed by 
the oil phase or the interface made an appreciable difference to the pH 
and therefore the aqueous solution was usually renewed several times 
before measuring the it At more alkabne pH values than 8 5 the separa 
tion of sohd sodium palmitate introduces a further inaccuracy mto the 
measurements 

Figs 3 c and d show that displacement of the curves was very small when 
the buffers were diluted wnth 0 4 M sodium chlonde instead of water The 
curves on the figures are taken from figs 3 a and b 



Dynes/cm Dynee/cm 
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Fio 3 — o EflFpct of dilution of buflFera with distilled water (1% palmitic acid) 

• OOOIM. X 0 02M,~04M 

b Effect of dilution of buffers with distilled water (10% oleic arid) • 0 001 M, 
X 0 02M, 0 4M 

e Effect of dilution of buffers with 0 4 M NaCl (1 % palmitic acid) Ciu-vos from a 

• diluted ftOO X , + dilut^ 20 x . 

d Effect of dilution of buffers with 0 4 M NaCl (10% oleic acid) Curves from 6 

• diluted 400 x , + diluted 20 x . 

d — Effect of the Ratio Sodium Calcium ions 
Figs 4 a and b show the effect of adding ranous concentrations of cal- 
cium chloride to glycine buffers, which were m every case 0 4 M m sodium 
A few expenments were done with phosphate buffers at pH 6 9, with 
results rather similar to those with glycme at pH 7’2, but comphcated and 
rendered maccurate by the precipitation of calcium phosphate, work on 
more alkaline phosphate solutions was impossible for this reason The 
logarithms of the calcium concentrations are plotted as abscissae, and 
the values for zero calcium have been inserted just to the right of the 
boundary of the figure 
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The most noticeable fact is that, when the solutions are sufficiently 
alkaline, there is a large nse in i t with mcreasmg calcium concentration, 
until the molarity of the calcium has reached roughly one-twenty-fifth that 
of the sodium. At jjH 7 -5 there is little change of i t on adding calcium; 
at 7 2 the 1 % palmitic acid shows a moderate dip when the Na Ca ratio 




Fig 4 — a Effect of addition of calcium to buffers initially 0 4 M in sotlium ( 1 % 
palmitic acid) O pH 7 2,# pH 1 R, + pH 8 4 
b Effect of addition of calcium to buffers initially 0 4 M in sodium ( 10 “o oleio acid). 
+ pH 7 2, O pH 7 5, • pH 8 1 

IS about 5 1, but the 10% oleic does not There was, with the j^hosphate 

buffers of pH 6"9, a similar dip both with the palmitic and oleic acid 
solutions ‘ 

With palmitic acid at pH 7 1 and at calcium concentrations greater than 
0*06 M (Na Ca ratio less than 8), a very cunous penodic contraction and 
expansion of the surface was observed m on< senes of expenments, this 
olraervation could not, however, be repeated 
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Discussion 

The simple assumption that the amount of lowering of i.T. due to 
iomzation is proportional to the extent of ionization, in the absence of 
comphcatmg factors, accounts for the well-known similarity between the 
I T -pK curves, and the curves of dissociation with pH We have to find 
(a) the pH at the mterfaoe, and (6) an explanation of the shifts of the 
various S -shaped curves along the axis of pH when the cation concentra- 
tion 18 varied 

The following treatment of these problems is not ngorous, and involves 
a number of assumptions which could not be checked quantitatively 
For this reason the resultmg calculations of surface pH are of quahtative 
importance aply> fl'^d are of value mainly m that they indicate the order of 
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Fig 6 — Diagram of distribution of ions between surface and bulk phases 

magnitude of the pH at a surface, and the manner in which this pH changes 
when certam types of change are made m the composition of the bulk 
phases With more accurate data, more accurate calculations can be made 
by the same method The assumptions are pointed out as they occur m the 
text, and are also listed at the end of this section (pp 164-6) 

A simple apphcation of the Donnan equilibrium shows that the pH of a 
surface, where fatty acid molecules are held so that they cannot escape, 
will charge as the concentration of cations in the aqueous phase changes 
Fig 5 represents an ideahzed view of the surface as a Surface phase, of 
thickness J, with concentfations indicated by the suffix s The con- 
oentrations m the bulk aqueous phase have no suffix HA and A' refer to 
the undissociated acid and its amon, which are insoluble in the aqueous 
phase (the amon of oleic aciifis shghtly soluble at room temperature, but its 
solubihty 18 here neglected as it is much smaller than the concentrations in 
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the surface phase). B' refers to the concentrations of the amon of the salt 
used for buffering the aqueous solutions 
The Donnan equilibrium gives 


\BJ, LH-] 
[Na'L=“[Na-]’ 


( 1 ) 


and the equilibrium between the aoid HA and its ions in the interface is 


given by 




( 2 ) 


where is the dissociation constant m the surface This assumes that a 
form of the mass-action law holds in the surface phase, similar to that m 
bulk phases, but does not assume that the dissociation constant (K,) m the 
surface is the same as that (K„) in the bulk phase 
Combimng (1) and (2), 


[Nal 


( 3 ) 


When the acid HA is 50% dissociated in the interface, {HA]^-\A'\, and 


|Na -],[H J 
INa ] 


fH-]. 


(3 1) 


Introducing the assumption that the additional lowering of i t caused by 
electrolytic dissociation ot the acid HA , below the i T given by the 
iindissociated acid, is proportional to the percentage of dissociation in the 
surface phase, then 


F^-Fo 100 


^0 18 the lowenng of i T produced by the undissociated acid , by the 
completely dissociated acid, and by the acid when r, % is dissociated 
(4) gives the degree of dissociation of HA in the interface directly, from 
the mterfacial tension, and thus the relation between r and the pH. of the 
bulk phase, or [H can be found from the experimental data given in 
figs 2-3 d 

To calculate the hydrogen-ion concentration in the surface phase, 
probable values must be assumed for its thickness S, for the number of 
carboxyl groups per square centimetre, and the number of ions con- 
tributed to the surface layer by the buffer solution 

The thickness of the surface phase is likely to be not less than 6 A, nor 
more than 15 A The mterfacial films are almost certainly “gaseous” 
films, under fairly high surface pressures and an area of 30 sq A/mol will 
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probably be near the oorreot value * The surface concentrations in moles 
per litre, corresponding to various thicknesses assumed for the surface 
phase, are shown in Table II In Table IIIo the necessary information is 

Table II — Values of the Surface Molarity of Carboxyl for 
VARIOUS Areas per Molecule, and various Assumed 
Thicknesses of the Surface Phase 


Area ^ 

sq. A. 5 

25 13 9 

30 11 6 

40 8 7 

Table IIIo — Calculation of the Difference in pH between the 
Surface and Bulk Phases for 1 % Palmitic Acid Solution 

(pH)j ( pH ). 

buffer r, [A'], [Na J, surface 

Buffers 0 4 M in cation 

6 6 0 6 10 6 60 

7 30 3 0 3 4 6 07 

8 70 7 0 7 4 6 73 

9 97 9 7 10 1 feo 

10 100 10 0 10 4 8 58 

12 100 10 0 10 4 10 68 

Buflfrrs 0 02 M in cation 

7 4 6 0 46 0 47 6 62 

8 24 2 4 2 4 6 92 

9 65 6 6 6 5 6 49 

10 96 9 6 9 6 7 32 

11 100 10 0 10 0 8 30 

12 100 10 0 10 0 9 30 

Buffers 0 001 M m cation 

8 3 6 0 36 0 36 6 46 2 66 

9 22 2 2 2 2 6 66 3 34 

10 62 6 2 6 2 6 21 3 79 

11 93 9 3 9 3 7 03 3 97 

12 100 10 0 10 0 8 0 4 00 

given for calculating the pH in the surface phase, and the difference be- 
tween this pH and the pH of the bulk aqueous phase is also given, r, is 
obtained from the experimental curves relating i t to the pH of the aqueous 

* Hus value involves an extrapolation from the results on adsorbed fflms of 
slightly soluble substances, at air-water mterfaoos, to brombenzene -water interfaces 
At air-water mterfaces, the areas m such films are usually 30 sq A or less, for a 
lowering of tension of 20 dynes They may be greater at the brombenzene mterfaoes. 


1 38 

2 08 
2 51 
2 68 
2 70 
2 70 


(pH)HpH). 


0 40 

0 93 

1 27 
1 40 
1 42 
1 42 
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phase, using equation (4) From this, assuming the probable value of 10 M 
for the total concentration of HA and A" m the mterface, the value of 
is obtained. The amount of sodium ion m the mterface is assumed 
to be equal to [A '], plus an extra amount due to the buffer. The extra 
amount due to the buffer is assumed to be the same as the amount present 
m an equal volume of the bulk aqueous phase From this data the pH m 
the surface phase can then be calculated, usmg equation (1) 


Table III6 — Values of (pH)6-{pH), for 10% Oleic Acid Solution. 



Values of (pH), -(pH), for cation molanty of 

pH buffer 

04 

0 02 

0 001 

C 

0 38 

— 

_ 

6 

0 83 

1 36 

— 

7 

1 11 

2 03 

2 40 

8 

1 29 

2 33 

3 24 

9 

1 40 

2 64 

3 61 

10 

1 42 

2 67 

3 82 

11 

1 42 

2 70 

3 96 

12 

1 42 

2 70 

400 

Table IIIc — Values 

FOR HeXADECYLAMINE 

Solution of (pH)j-(pH), 

FOR Buffers 0 IM in Anion 

Experimental 

Data from Peters ( 1931) 

(pH), 

4 

6 6 

7 8 

(pH), -(pH). 

-2 

-2 -196 

-17 -10 

As Table III shows, the difference between the pH values of the surface 


and bulk phases may amount to three or four umts of pH , with the more 
dilute buffers, and in the physiological range of molanty the difference is 
of the order of two units The nature of the molecules adsorbed at the 
mterface is evidently an important factor for the determination of the 
surface pH . The values for the pH differences given m the tables are for 
the range covered by determmations of i T Values outside this range can 
be calculated if assumptions are made as to the detailed form of the curve 
relating i t to pH , m the region where the degree of dissociation of the 
carboxyl groups in the surface phase is low, i e m the acid ranges 


Displacement of Curves on Dilution 


Equation (3) is [A'], = • 

Substituting this value for [A']g m (4), 

F F^(F r\ t^^^LN a 


( 5 ) 
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When the interfewe ig saturated with HA, + will not veury 

with degree of ionization, if it is assumed that the area per molecule does 
not change with lomzation This approximation is roughly correct at 
fairly high surface pressures • 

Under these conditions (5) simplifies to 


where 


^r-Fo 


_ [ir^LlNa-] 

■^^•LNa-rm’ 




(«) 


Consider equation (6) Decreasing [H ] increases the value of {F^~F^), 
i e decreases the i t Similarly increasing [Na ] increases the value of 
{F^-F^ But varymg [Na‘] does not change the values of F^, nor of 
Fjflp , nor does it affect the form of the equation relatmg (F^ ~ F^) to [H ' J 
Hence the effect of cliangmg [Na ] must be to displace the i t -pH curve 
along the pH axis, but not along the l t axis This is just what was found 
expenmentally (figs 3a and b) 

From equation (6) it can be seen that variation of [Na ] has the inverse 
effect of varying [H '] Hence decreasmg [Na '] by, for example, twenty- 
fold, should theoretically raise the i t at a particular pH by the same 
amount as is produced by raising [H ] twentyfold, i e the whole curve 
should be displaced by log 20= 13 pH units The value found expen- 
mentally was 114 pH umts The agreement between these two values is as 
good as can be expected, since many rather sweeping assumptions have 
been made The main assumptions were (a) that a form of the mass action 
law holds in the surface phase , (6) that the amount of lowering of i t due 
to dissociation is proportional to the amount of dissociation , (c) the use of 
concentrations mstead of activities , (d) the thickness of the surface 

On figs 6fl and b are plotted curves of percentage change in i t and 
dissociation m bulk solution against pH The form of the t t curves 
closely resembles that of the dissociation curve 


The Value op A, 

From equation (3) it can be seen that jSl, is affected by the ratio of the 
cation concentrations in the surface and bulk phases The simplest way to 
calculate K, from the experimental data is to use (3 1), for which the data 

* Adam and Miller (1933) show that the area of palmitic acid m a untmolecular film 
lies between 20 6 and 26 sq A m the pH range 6-9. The areas at the oil-water 
interface are probably larger, but the percentage change is probably not larger. 
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needed are [Na ], [Na ],, and [H ], all at the point of 60% dissociation. 
These values are obtained by the same procedure as was used for the 
calculation of the pH at the surface Thus for palmitic acid, [Na '] is 
0-4 M, [Na ■], 18 6 0 M due to the palmitate ions plus 0 4 M due to the 
buffer, 1 e 5 4 M, and [H ] from hg 2 is 3 2 x 10 * Then from (3 1) 



Fio 6 — <1 Curves of percentage change A, approxunnto titration curve of oleio 
ivsid B, C, D, 1 T oil 11 acid, 0 4, U 02, 0 001 M buffers K surface potential, 
rnyriatic acid 

b Curves of percentage change A approxiniute titiation curve of jialmitio acid 
B, C, D, palmitic acid l T , 0 4, 0 02, 0 001 M buffers 1 pahmtic acid half expansion 
temperature, 0 1 M buffi rs i hexadecylamine i t 

Similarly for oleic acid. A, = 10 tlx 10-’ A probable value for K^, the 
dissociation constant of these acids m a bulk aqueous phase, is I 4 x 10“* 
The value of the ratio KJK^ is, for palmitic and oleic acids respectively, 
3 1 X 10”® and 9 3 x 10"® These ratios show that the dissociation constants 
at the interface are less than that of the same substances m bulk aqueous 
solution There are at least two reasons for this Firstly, the dielectric 
constant of the interface is probably less than that of an aqueous phase , 
secondly, the carboxyl groups are ilose enough together for a repression of 
ionization to occur of the type suggested by Bjemim (1923) The relation- 
ship of K, to Ka will be of the form 

1 e a generalized form of the equation for two carboxyl groups f is the 
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electromc charge d the average distance between carboxyls, D the 
dielectno constant, k the gas constant, and T the absolute temperature 
No absolute values for D have been obtained, but maximum values can 
be calculated from the surface potential of unimolecular films, these values 
suggest that D is of the orderof lOor less A table of these maximum values 
taken from the work of Adam Rideal, and their collaborators is given by 
Danielli (1935) 


Further Points 

There are a number of other points in favour of the view that the i t 
changes considered here are due primarily to the ionization of the end 
groups of the surface active molecules 

(o) A change m the molecules as drastic as ionization would be expected 
to cause a considerable change m i t Hence if the changes considered 
above were not due to ionization then there should be a further change of 
IT over some other pH range which would be ascribed to ionization Such 
a change is not known to occur 

{b) With a fatty acid at the interface changing the nature of the 
catwns m the buffer should mfluence the i t only over the pH range in 
which the acid is dissociated m the interface 1 e when there are amons m 
the surface to be affected specifically by cations On the other hand, with 
an amine at the interface as in Peters s work, the effect of the anvms of 
the buffers should predominate over the supposed range of lomzation, 
1 e the ion of opposite sign to that of the surface active matenal should 
exert a marked mfluence on the i t but only over the range m which 
the surface active substance is itself lomzed The expenmental results are 
m agreement with this conclusion 

(c) Hughes has determined the change of surface potential of um 
molecular films of raynstio acid with pH This curve is plotted on fig 6a , 
the form of the curve and the range of the change of potential are similar 
to the changes of i t of the oleic acid solutions, plotted on the same figure 

(d) Adam has m^ estigated changes m the surface properties of aimnes m 
unimolecular films The mam changes m the packing of the molecules in 
the films occur over approximately the same range of pH as the it 
changes with ammo solutions mvestigated by Peters Adam and Miller s 
work (1933) on ummolecular films of fatty acids similarly shows changes 
m paclung over the same pH range as the change of i t with fatty acid 
solutions The half expansion temperatures of the fatty acid films were also 
mvestigated These are complicated by effects due to the amons of the 
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buffers on fig 06 data for the simplest case are given as a curve of the 
changes m half expansion tempeiatur© with pH for palmitic acid films on 
0 1 M borate buffers the calculation has been made on the assumption 
that the number of pH umts over which the change occurs is the same as 
that for I T change with pH Adam and Miller also note that dilution of the 
borate buffers over this pH range has the effect of raismg the hall expansion 
temperature by about 20 ° C for a tenfold dilution According to equa 
tion (6) dilution of the buffers tenfold should shift the dissociation curve 
at the surface one pH umt to the alkahne side inspection of the half 
expansion temperature curve for the undiluted buffer shows that such a 
shift would raise the half expansion temperature by about 20° G in 
agreement with experiment 

(e) The work of Heutsch (1927 1928) also suggests that pH differences 
exist between surfaces and surrounding bulk phases He found that when 
an mdicator such as bromthymol blue in aqueous solution near its 
neutral point is shaken with a volume of an mert solvent such as benzene 
or toluene a colour change correspondmg to a substantial change of pH 
occurs as the orgamc hquid is emulsified The solution reverts to its 
ongmal colour as the emulsion breaks down With an acid dye the dis 
placement is towards a more acid pH with a basic dye towards a more 
alkaline reaction Concermng the colour change with acid dyes Freundhch 
(1930) remarked This might be explained by assummg that the hydrogen 
ion concentration in the surface of the droplets is different from that in the 
bulk of the solution but this does not hold for if we take an indicator 
which IS not an acid dye such as malachite green it also changes colour on 
being shaken with an inert fluid The change of pH which we would hke 
to make responsible for the colour change has however a reversed sign in 
this case 

However Freundhch and Deutsch evidently supposed that the difference 
between the interfacial pH and the bulk reaction was a pre existing 
quantity existmg prior to and independently of the adsorption of an 
mdicator But as has been shown with the simple acids the adsorbed 
components of the interface are important variables in the determmation 
of this pH difference The adsorption of an acid mdnator at an mterfaoe 
will tend to produce a displacement of the pH at a surface to a more acid 
reaction just as a simple fatty acid does with a basic dye the pH change 
should be in the reverse direction Thus the results of Deutsch are con 
sistent with the view that the pH of the surface phase is different from that 
of the bulk provided due account is taken of the fact that the indicator 
matenal is concentrated in the interface and that m consequence its 
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influence is not negligible as m the bulk phase, where the indicator will be 
in very dilute solution 

(/) A somewhat parallel observation is that of Laing (1925), who found 
that the soap of Alms formed by adsorption from a sodium oleate solution 
was considerably hydrolysed much more so than the soap m bulk solution 
This hydrolysis can be explained by the more acid reaction at the mterfaoe 
due to the lugh concentration of soap m the surface phase Consistent with 
such a view it was found that the addition of a small amount of alkah 
would prevent this hydrolysis A similar observation has been made by 
Dubrisay and Drouot (1933) 

Adam (1936) has suggested that the acid soap formed by hydrolysis in 
bulk solution is less soluble and hence collects m the interface to a greater 
extent than the dissociated soap This concept is not incompatible with 
the views suggested here which deal with the acid base equihbna with 
reference pnmanly to the surface phase Adam s approach was pnmanly 
with reference to the acid base equihbna in the bulk phase 


iNADEQUACias OF THE PRESENT THEORY 

The main defects of the present theory are ( 1 ) it does not consider the 
effect of divalent ions (e g calcium) ( 2 ) the theoretical relation of K, to 
18 not completely established ( 3 ) the effect of the amons of the buffer 
on the I T of fatty acid solutions is not taken into account The half 
expansion temperature measurements of Adam and Miller show marked 
effects of buffer amons on films of fatty acids this indicates that whilst the 
buffer ions of opposite sign to the surface active ions are of the greater 
importance the buffer ions of the same sign cannot be completely 
neglected 


Some Appmcations in Biology 

These surface joH phenomena may be of importance in biological systems 
Professor J C Drummond has suggested that this may be particularly the 
c ase with intracellular enzyme reactions The bulk of the fluid contents of the 
cell are presumably of fairly uniform reaction but the surfaces of granules 
oil globules mitochondria and gel particles may well differ from the bulk 
reaction by up to 2 pH units according to the constitution of the surfaces 
concerned The cell may thus offer a much more diverse environment for 
eiiz3rme reactions than has hitherto been supposed The spatial range of 
these pH effects is small extendmg for a mere &-10 A from the physical 
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interface A protein enzyme has a minimum diameter of probably 26 A 
BO if itB cMitive centres are to fall mthm the region of abnormal pH it must 
not only be adsorbed but also adsorbed with the correct orientation 

The results also suggest a reason for the changes which are observed m 
the behaviour of cells after washmg with isotonic sugar solutions Such 
a procedure reduces the cation concentration of the bulk phase to zero and 
thus according to equation (1) may produce very large pH changes at the 
cell surface changes which in turn may produce irreversible changes in the 
proteins of the cell surface Evidence will be presented in a later paper that 
a surface pH change of one or two umts is sufficient to change an adsorbed 
film of native protein into a denatured film with strikingly different 
properties 

Again this work shows that with for example an acid interface venation 
of the sodium concentration may produce an effect very similar to venation 
of the pH It will thus be of interest to examine the effect of salts on the 
permeabihty of cells with the object of separating phenomena due to pH 
changes at the surface from phenomena which are essentially due to the 
specific action of cations as a case in point may be mentioned the effect of 
small amounts of electrolytes on the permeabihty of erythrocytes ( Jacobs 
and Parpart 1932) 

The Mechanism of Redttction of Intfrfacial Tension 

There are a number of factors influencing the reduction of mterfacial 
tension by an ewisorbed substance so that it is difficult if not impossible 
to make a rule of thumb for the order of relative activity of substances in 
this respect The main factors are 

(1) The number of molecules adsorbed per sq cm 

(2) The lateral adhesion between the molecules 

(3) The area occupied by a molecule in the interface 

The number of molecules in the surface will increase hen one part of the 
molecule prefers to be in water and the other part m oil whereas when 
there is little differentiation between vanous parts of the molecules along 
these lines the tendency t j accumulate at an interface will be mimmired 
Also there must be a balance between the dissolving powers of the two 
parts of the molecule since if the effect of one part predommates greatly, 
the molecule as a whole will have a high solubility m either the oil or the 
aqueous phase in which case the tendencj to accumulate at an interface 
will again be minimized It is partly for this reason that no one oil can be 
taken as standard in the sense that the order in w hich substances in a given 
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bulk concentration affect its i T will remain the same with all other oils 
with other oils the partition coefficients are bound to be different and hence 
the number of molecules present in the interface for a given bulk concentra 
tion will be different Ihus while Traubes rule holds for an air water 
interface withm hmited conditions the same rule cannot be apphed to 
oil water interfaces As the interfaces of biological importance are usually 
oil water ones and Traube s rule is used with more enthusiasm m biology 
than elsewhere it is of mterest to quote an example from Peters (1931) 
He found that 1 % palmitic acid reduced the benzene water it by 2 6 dynes 
whereas 1 % launc acid produced a fall of 3 7 dynes If Traube s rule held 
the order would be reversed 

(2) The lateral adhesion between the molecules If this is great the 
reduction in tension tends to be small and vice versa for a given number of 
molecules in the interface This is the general rule found to hold at the air 
water interface but again there is an additional factor present that is the 
hydrocarbon parts of the molecules are swimming in a sea of oil mole 
cules (brombenzene in this work) With a gaseous film at the air water 
interface there is only one position of mimmum energy — that m which the 
molecules including hydrocarbon chains are lying flat on the surface 
Probably that conclusion does not remam true when a sea of other hydro 
carbon molecules is present and there may be many positions of mimmum 
energy 

The importance of the lateral adhesion effects is shown particularly 
clearly by the changes m i T which occur on adding calcium to the phases 
surrounding an acidic interface The large increase in 1 t found to the 
alkahne side of pH 8 is probably due to the powerful cross bmding forces 
introduced when one calcium ion is able to combine with more than one of 
the interfacial amons (fig 7a) These cross bmding forces will be relatively 
small when univalent cations only are present and the large fall of i t 
found under these conditions is probably due to electrostatic repulsion and 
the heavy increase of hydration which accompames ionization of the 
interfacial fatty acid It would follow from this that when the surface is 
only shghtly ionized the effect of calcium on the interface should be 
similar to that of a univalent ion since for spatial reasons a calcium ion will 
be able to combine with one interfacial amon only Ihe other anion 
neutralizing the calcium ion must be drawn from the bulk phase extra 
repulsive forces will be mtroduced by the third lomo layer which is formed 
by these amons (fig 7 b) These extra repulsive forces together with the 
fact that calcium ions are more heavily hydrated than the umvalent ions 
may account for the fact that at pH values less than 7 6 calcium ions in 
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small amounts are sometimes even more efficient than umvalent ions m 
reducing the i t 

(3) The area occupied by a molecule will depend on its size onentation 
the work required to change the uutial orientation and amongst other 
things the amount of thermal motion of the molecules The low surface 
pressure of cholesterol (i e small reduction of i t ) at saturation of the 
interface is probably to a large extent due to the fact that with only one 
hydroxyl group to each rather bulky molecule the interface must still 
rather largely consist of hydrocarbon since there is only one water 
attractive group to each 40 A or more ot the interface 
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It IS a groat pleasure to acknowledge my indebtedness to Professor 
E N Harvey m whose laboratory this work was earned out also to 
Dr N K Adam who has helped me considerably m prepanng this paper 
and to Professor J ( Drummond for a number of suggestions 


Summary 

The curves of vanation of mterfacial tension with pH for solutions of 
long chain acids m brombenzene are shifted parallel to themselves along 
the pH axis when the buffers are diluted with water There is very httle 
shift if sodium chJonde solution is used for the dilutir n of such strength 
that the total cation concentration is not altered 

With alkahne solutions addition of calcium results m a very large increase 
in I T not found with neutral solutions In certain circumstances with 
neutral solutions there is some degree of lowenng of i t with increasing 
calcium concentration 

The effect of dilution is shown to be due to a Donnan equihbnum between 
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the interface and the buffers and a method is given for calculating the 
at the interface The reaction at an interface m contact with physiological 
salt solution may be + 2 pH umts different from that of the solution Some 
apphcations of this in biological fields are pointed out 

The mechamsm of reduction of interfaoial tension is discussed 
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Auditory Tract of the Cat to a Phase Reversal 
produced in a Continuous Musical Tone 
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(Received 17 October 1936) 

[Plates 4-6] 

Intboddction 

The audible effects of changing by n (180°), the phase of a pure musical 
tone, have been described in a number of earher pubhcations (Hartndge 
1921, 1936) Under certain conditions of frequency of the tone, and 
temporal spacmg of the phase changes, the resultmg sensation was found 
to be comparable to what Myers (1928) has described as the “rattlmg” 
stage of beats produced by two musical tones slightly out of unison For 
this reason it has been considered justifiable to apply to the phenomenon 
the term “phase change beat” The posaibihty that this beat might be 
attributable to some transient disturbance in amphtude or frequency of the 
wave senes other than the change of phase itself has been negatived by a 
more recent investigation (Hallpike, Hartndge and Rawdon Smith 1936) 
In this the wave form of the phase change in the response from a loud 
speaker was assessed by means of a piezo crystal microphone, amplifier, 
and cathode ray oscillograph By these means it was shown to be possible 
to ehcit from the loud speaker a tone whose wave form was approximately 
smusoidal, and which showed moreover at each change of phase, fair 
reproduction of the wave form of the impressed voltage Even under such 
conditions the audibihty of the “phase change boat” was found to be 
undiminished, thus justifying the view that the beat was attnbutable to 
the change of phase and to that alone 

* Foulerton Fellow of the Royal Society 

t Working with a grant from the Medical Research Council, and later Senior 
Student of the Royal Commissioners of the Exhibition of 1861 
[ 176 1 
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The work to be descnbed m this paper concerns the investigation of the 
electrical events which take place in the mammaban (cat) internal ear and 
auditory tracts in response to such a phase cheuige events which may be 
considered hkely to correspond to the subjective sensation now descnbed 
08 the phase change beat By such an investigation it has been hoped 
firstly to throw bght upon the physical nature of the vibrating elements of 
the internal ear responsible for the initiation of the nervous impulses the 
action potentials of which can be recorded in the manner first descnbed by 
Davies and Saul (1932)10 the auditory tracts of the mid brain and further 
by a comparison of the response to a phase change of these tract potentials 
with the correspondmg response of the cochlear potentials descnbed by 
Wever and Bray (1930) to elucidate the still obscure problem of the latter s 
ongm 


Apparatus 

A schematic representation of the experimental arrangements is shown 
in hg 1 These may be descnbed under the following headings 1 — Sound 
generation 2 — Amplification and recording 3 — Monitoring 

1 — Sound Generation 

The device employed has been denved from one already described 
(Hartndge 1936) In its ongmal form the apparatus consisted of a brass 
disk of some 16 m m diameter in the penphery of which 100 radial slots 
were cut each 1 ram m width by 10 mm m length A jet of compressed 
air was arranged to play upon the slots of the disk whilst in rotation thus 
constituting a tone generator of conventional siren type Intensity and 
frequency were controlled respectively by vanation of air pressure and of 
the speed of rotation of the disk Further by adjustment of the form of the 
air tube nozzle some approximation to sinusoidal wave form was found 
possible The abandonment of this method was however necessitated by 
the marked high frequency components engendered m part by the im 
paction of the air blast upon the edges of the slots and in part by random 
eddy currents about the onfice of the jet These high frequency com 
ponents were ehmmated by replacing the air jet by a bght beam by which a 
copper oxide photocell was illuimnated via the slots m the rotatmg disk 
(Hallpike and others 1936) Later a cardboard disk was employed with a 
senes of spokes cut upon its penphery to mterrupt the hght beam as shown 
m fig 2 As mdicated here the light was disposed to give tm approximately 
parallel beam and by means of a suitable stop the exposed portion of the 
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photocell was arranged to consist of a circle of diameter corresponding 
roughly to the cross-section of the hght beam and more precisely to the 
transverse dimension of the spokes and mterspoke gaps. The theoretical 
wave form of the photocell output under these conditions was readily 
calculable by plotting upon a time base the areas of the photocell face 
successively exposed to the light beam, and, further, this calculated wave 
form was found to exhibit fair correspondence to the form actually obtain- 
able as shown in hg 3, A and B, Plate 4 By smtable variation m the size 
of the spokes, a close approximation to smusoidal wave form was found to 
be possible, the optimum arrangement bemg depicted in fig 4, Plate 4 
The phase change was effected in a simple manner by breaking the alterna- 
tion of spoke and gap at any point upon the circumference of the disk by 
two successive spokes To change the phase m the opposite half of the 
cycle it was similarly required to break the spoke/gap alternation by two 
successive gaps 

The output from the photocell was fed directly mto the gnd-cathode 
circmt of a tnode amphfying stage It was not found desirable to attempt 
to match the low impedance of the cell to the high-gnd mput impedance 
of the valve for two reasons First, because certam minor distortions of 
wave form were introduced by the iron-cored transformer tried in this 
position, particularly at the change of phase, and secondly, because the 
presence of the latter rendered the mput circmt of the amplifier somewhat 
too sensitive to electromagnetic disturbances from the motor employed to 
drive the rotatmg disk 

The input stage was succeeded by two stages of conventional resistance- 
capacity coupled tnode amphfication, feedmg a third stage, choke-coupled 
to a General Radio 60 decibel L-section attenuatmg network By means of 
this instrument, the amphtude of the input to the succeeding power stage 
could be convemently controlled The power stage itself consisted of a pair 
of 25-W tnodes, operatmg m push-pull The output from these was fed 
through a specially designed transformer to the L S 4 movmg-coil loud- 
speaker umt employed for acoustic stimulation 

Fmal adjustment of the precise wave form of the phase change was made 
to suit the response of the loud-speaker at the frequencies employed Thus, 
fig 6, Plate 6 shows a microphone record of the response of the loud- 
speaker to an unsuitable electncal input The response to a more smtable 
mput IS shown in fig 6, Plate 6, together with the disk contour employed 
in its production At lower frequencies, the difficulties of eliciting from the 
loud-speaker a reproduction of the phase change free from marked transient 
disturbances of amphtude became considerably greater Fig 7, Plate 6 
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shows the irregulanties which occur at 266 ~ in response to an electrical 
input of wave form similar to that which gave a satisfactory response at 
1024 ~ 

It was found possible to counteract this irregularity in amphtude of the 
loud speaker response by suitable modihcation of tlie corresponding waves 
of the electrical mput This was effected by (onstructmg the contour of the 
disk of coloured gelatine at and about the position of the phase change the 
colour and thickness of the gelatine being varied as requu:ed 

The wave form of the electrical input to the loud speaker required to 
produce a relatively smooth phase change at 266 ~ is shown m fig 8 
Plate 6 with the correspondmg loud speaker response 

2 — Ampufication and Rkcoedino 

In order to amplify the potentials donved from the cochlea or mid bram 
of the expenmental animal we have employed the ccnventional multi 
stage resistance capacity coupled amphfier described earher (Hallpiko and 
Rawdon Smith 19340) A similar instrument is employed following the 
piezo electric microphone with which wave form monitonng is earned out 
The outputs from these two amplifiers are fed to two cathode ray oscillo 
graph tubes of identical type (Cossor 3232 Screen Type 0) so arranged as 
to permit their simultaneous recording on 36 mm oscillograph bromide 
paper lor full particulars of the mechanical and optical arrangements 
compnsmg the camera mechamsm reference may be made to a separate 
pubhcation (Hallpike 1936) 


3 — Monitoring 

Frequency and wave form momtoring devices have been employed in the 
following way A cathode ray tube additional to the two already desenbed 
and operating m conjunction with a synchronizable linear sweep (TTallpike 
and Rawdon bmith 1934 a) may be connected at will into (a) the input 
circuit of the stimulatmg loud speaker (b) the output of the piezo micro 
phone amphfier or (c) the output of the amphfier connected to the cat 
In this manner the wave form of the stimulus or ot the response ma^ be 
readily observed simultaneously if necessary with the taking ol photo 
graphic records I or frequency momtonng the linear sweep is replaced by 
a sinusoidal voltage derived from the time controlled 50 ~ A ( mams 
Any frequency which is in simple ratio to 60 ~ /sec may thus be secured 
with amply sufficient accuracy for our purposes by inspection of the 
Lissajous figure appearmg on the oscillograph screen 
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In addition to this system two separate loud speakers are provided for 
monitonng the sound input to and electrical response from the expen 
mental animal By means of these frequency momtonng against standard 
ized tuning forks may also be employed where rapidity of operation is 
important 

EXPEWMBNTAIi METHODS 

h oUowing decerebration under ether anaesthesia the ammal s head was 
immobihzed in the lateral position by means of a head holder workmg upon 
a universal joint and providing the necessaiy grip by means of a pair of 
screw clamps operatmg upon the zygomatic arches which were exposed by 
preliminary dissection The tympamc bulla was opened by the usual neck 
dissection and the region of the lateral fillet exposed to view by partial 
resection of the bony tentonum and reflexion of a flap of dura matei A 
small brass tube was tied into the stump of the external auditory meatus 
for the attachment of the sound tube In the electrode system used for 
recording from the tract the active electrode consisted of a fine stainless 
steel needle insulated exceptmg at the tip with a layer of bakebte varnish 
The indifferent electrode consisted usually of a large platinum ball apphed 
to an adjacent portion of the brain stem Ihe electrodes were earned upon 
modified micro mampulators the active electrode being apphed undei 
direct vision to the superficial portion of the bram stem lying between the 
infenor corpus quadrigemmum and the trochlear nerve For recordmg from 
the round window an active electrode of platmum apphed to the round 
window margin was employed in conjunction with an indifferent electrode 
in the neck muscles b or simultaneous recording from the round window 
and tract two separate input systems were used m accordance with the 
circuit suggested by Ross (1935) Otherwise a common earth system was 
employed for the indifferent electrodes 

Results 

Figs 9 10 11 and 12 Plate 6 show some of the records obtamed in a 
senes of eight cats of the electncal responses from the auditory tract and 
round wmdow to 180° phase changes The frequencies employed were 
256 ~ and 1024 ~ at sound intensities varying between 40 and 80 phons 
It will be seen that the tract responses to the phase change are charactenzed 
in all oases by a marked silent period of two or three cycles following which 
the response rapidly reassuraes its ongmal amphtude 

In fig 13 Plate 6 is shown a similar record obtamed m one other 
ammal of the senes in which the response differs matenally from those 
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depicted m figs 9, 10, 11 and 12, Plate 6, m that the silent period is 
absent, though abnormahties in respect of latent period or ‘ on” effect 
were not noted (Davis, Derbyshire Lune and haul 1934) 

In the case of the cochlear phenomenon winch has been recorded from 
the round window, the response is seen to be characterized in all cases by 
the reproduction of the impressed phase change with varymg, but generally 
considerable, accuracy 

Discussion 

The nature of the responses thus recorded in the case of the auditory 
action potentials and of the Wever and Bray phenomenon justify a number 
of observations bearing upon the physical characteristics of the vibrating 
elements wherein anse the electrical phenomena concerned The silent 
period exhibited by the tract response strongly aceords with the view that 
the vibratmg elements which are responsible for the imtiation of these 
action potentials are resonant structures , the silent period bemg brought 
about by the opposition of the forces operatmg after the phase change to 
the after swings caused by resonance There seems httle reason to reject 
the widely held view that the resonant structures m question are the 
fibres of the basilar membrane Further, these finchngs are m entire 
agreement with the view previously advanced by Hartndge (1921) that 
the phase change beat engendered m the auditory expenence of the human 
observer has as its basis the silent penod now shown to occur in the 
auditory tract response of the cat 

In the case of the anomalous type of response depicted m hg 13, Plate 6, 
the possibihty arises that such a result may be attributable to factors con 
cemed with electrode position Thus, assuming that frequency locahzation 
IS mamtamed at the level of the lateral fillet, and that further, followmg the 
phase change, there occurs at the same time as the silent penod of the m 
tune resonators a transient response from vanous out of tune elements, 
then an electrode m a position corresponding to the latter might be 
expected to give some such response as is shown in the hgure Under ’these 
circumstances, the smaller amphtude of the out of tune elements would be 
compensated by the electncally advantageous position of the electrode 
relative to these elements and the amphtude of the wave senes following 
the phase change would thus tend to be maintained This possibility seems 
to be excluded by the expenmental findmg that at this level of the brain 
stem, frequency locahzation does not appear to be mamtamed Thus m 
any one of the cases shown m figs 9-12 Plate 6, the records for both 
low and high frequencies (266 ~ and 1024 ~ ) were taken from the same 
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electrode position. Reference may here be made to the procedure adopted 
for determimng the optimum electrode position for recordmg fix>m the 
tracts . a number of electrodes are set up in a variety of positions oovenng 
the region of the lateral fillet. By means of a multi-change switch these are 
led m turn to the gnd lead of the amplifier and the electrode position 
yieldmg the optimum response is m this way rapidly determmed The 
variation in amplitude of the responses obtamed from such a selection of 
electrodes is considerable and must depend upon factors other than 
frequency localization As stated, the optimum electrode position, once 
determmed, exhibits no frequency differentiation 

By way of comment upon the responses shown in fig 13, Plate 6, it is 
only possible to say that the potential changes appear m this case to arise 
in highly damped non-resonant structures Revertmg to the relationship 
of the phase change beat to the silent period otherwise shown to be typical 
of the tract response, it appears by no means certam that the gap in the 
response descnbed as the “silent period” need of necessity be regarded as 
an mdication of complete physiological mactmty. It may well correspond 
to a burst of unaynchromzed impulses mitiated by out-of-tune elements 
which, though beyond the resolving power of the recordmg apparatus, may 
yet be of sigmhcanoe sufficient to constitute the physiological counterpart 
of the phase change beat 

It may be noted that such a transient disturbance of out-of-tune elements 
evoked by a phase reversal would be in theoretical accord with the 
physical properties of a resonator system such as is postulated to exist m 
the CO ’ lea (In such a system, transient oscillations would m accordance 
with t ory be set up m out-of-tune elements at the onset of a single musical 
tone phase reversal is mathematically equivalent to a sudden super- 
imposiiion upon a musical tone, of a second tone of identical frequency, of 
double its amphtude and differing m phase by 180° A disturbance of 
out-of-time elements similar to that occurring at the onset of a smgle tone 
would therefore be expected to occur at a phase reversal ) It must be 
added that the records of the tract responses (figs 9-12, Plate 6) mdicate 
clearly that the amphtude attamed by such out-of-tune elements in forced 
response to the phase change falls greatly below that of the free response 
of the m-tune elements 

It may be taken that in a vibrating system of this type the extent to 
which the free response of the in-tune resonators is approached by the 
transient activity of out-of-tune elements occurring m response to the 
phase change must depend upon the sharpness of tumng of the elements 
concerned Thus the record depicted m fig 13, Plate 6 can be regarded as 
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IMsig dudiTed firoHn a system m which any tuning might be oonsideied 
negligible or absent A comparison of this record with the tract responses 
shcryn m figs 9 10 11 and 12 Plate 6 may be taken as marking the 
extent to which sharpness of tuning has been attamed by the physical 
elements m which the latter responses ongmate 

As already desonbed the responses fix>m the round wmdow are t3rpified 
m all oases by a more or lass iaithful reproduction of the phase change 
The cochlear effect must upoBigthia evidence be regarded as onginating 
m some heavily damped pon n^nant structure This would appear to 
enforce considerable modlfloation of prevailing opmions upon the subject 
According to the view At present most m favour the cochlear component 
of the Wever and ^ay phenomenon ongmates somewhat in the manner 
of a piezo eleotno effect in the haar cells of Corti s organ This view has been 
put forward by Davis and his co workers m a number of pubhoations 
(Davis and others 1934 Davis 1935) The following considerations prompt 
the behef that this possibihty must now be regarded as defimtely excluded 
All available evidence supports the view that the basilar membrane is 
composed of resonant elements further the hair cells are directly attached 
to these elements Thus a resonant type of response to a phase change is 
clearly necessitated on the part of the cochlear response if the hair cell 
theory of its origm is to remeun tenable The evidence now adduced pro 
vides clear proof that the cochlear response does m fact arise m structures 
m which resonance is absent It oaimot therefore arise in any structure 
(mcluding the hair cells) which is connected with the basilar membrane 
The possibility that the cochlear response ongmates in action potentials m 
the termmal fibres of the cochlear nerve has been largely negatived by the 
findings of Davis and his collaborators (Davis and others 1934) Though 
as mdicated in a previous pubhcation (Hallpike and Rawdon Smith 19346) 
some of Davis s arguments are inconclusive his expenmental finding that 
the polanty of the response is dependent upon the phase of the stapedial 
movement remams as a very cogent contra indication and one moreover 
which we have found to be readily confirmed The present expenmental 
evidence strongly favours the view that the terminal cochlear fibres as 
being structures connected with the resonant basilar fibres cannot be 
concerned m the ongm of the cochlear response in view of the latter s 
conspicuously non resonant type of response to a phase change Appeurent 
support for the action potential view of origin of the cochlear response has 
been provided (Hallpike and Rawdon Smith 19346) by the demonstration 
ol an absent response m a denervated but otherwise morphologically 
normal cochlea Further consideration of the interpretation of these 
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findings, together with additional morphological data, are to be found in 
the suooeedmg paper It remains to oonsider the bearing of the present 
experimental evidence upon the membrane potential theory of ongm of 
the response As ongmally put forward (Hallpike and Rawdon-Smith 
19340), theory attributed the response to movements oooumng in a 
polarized membrane In particular, the membrane of Beissner was cited, 
with data suggesting the probable mechanism of polarization In so far as 
the markedly non-resonant type of response to a phase change shown to be 
typical of the response is m clear accordance with the physical character- 
istics of Reissner’s membrane (viz , small mass and heavy damping), the 
present expenmental data must be considered as strongly favouring this 
or some similar structure as being the probable source of ongm of the 
phenomenon For further morphological evidence m support of this view, 
reference may be made to the succeeding paper 

SUMMABY 

The constructional details and the mode of operation are described of a 
photoeleotnc siren which has been employed for the production of phase 
changes of 180 ° m oontmuous tones of good wave form 

The electncal responses elicited by this form of stimulation &om the 
auditory tract and round window of the decerebrate oat have been 
recorded and are described, together with the techmcal methods employed 

In the case of the auditory tract, the response is descnbed as bemg of a 
resonant type m that it displays a well-marked "silent period” following 
the phase change This is thought to confirm the view that the movmg 
parts concerned m the imtiation of the cochlear nerve potentials sje 
resonant structures The probabihty that these structures are the fibres of 
the basilar membrane is accepted The findmgs are further thought to 
confirm fully the suggestion previously put forward (Hartndge 1921) that 
the sensation engendered by the phase change and now desonbed as ‘‘the 
phase change beat” has as its physiological counterpart a silent period as 
now shown to occur m the tract response of the cat 

The response of the cochlear component of the Wever and Bray pheno- 
menon, as recorded from the round wmdow, is found to be of a non-resonant 
type, in that no silent penod occurs and the phase change is reproduced with 
marked accuracy This is considered to provide strong evidence m favour 
of the membrane potential theory of ongm of the cochleeu- response The 
action-potential theory, as also the hair-cell theory of Davis and his 
collaborators, are further considered to be defimtely excluded by the data 
provided. 



Electrical Responsea of the Cochlea 186 

Rbfbbbncbs 

Davis, H. 1935 J. Acouat Soc. Amer 6, 205 

Davw, H and Savd, L J 193a Arch Neurol PaychuU , Chicago, 38, 1104 
Davia, H , Derbyshire, A J , Lurie, M H and Saul, L J 1934 Amer J Phyaiol 
107 , 311 

Hallpike, C S 1936 J Set Inatrum 13, 02 

Hallpike, C S and Rawdon-Smith, A. F. 1934 a J Phyatol 81,395 
1934 J Phyaxol.Ca, 243 

Hallpike, C S , Hartndge, H and Rawdon-Smith, A K 1936 J Phyaiol 86, P 60 
Hartndge, H 1921 Bnt J Paychol 12, 142 
— 1936 Proc Phya Soc 48 , 146 

Myora, C S 1928 “Text-Book of Experimental Psychology, ” 3rd ed Camb 
Univ Preae. 

Rosa, D A 193s J Phyaiol 85, P 40 

Wever, E G and Bray, 0 W 1930 Proc Nat Acad Set , ITosA , 16, 344 


Ueschiption of Plates 

Plate 4 • 

Flos 3 and 4 — Photographic enlargements of oscillograph records showing wave 
forms obtamed with the conditions of lUummation as depicted m the appended 
diagrams The degree of correspondence is shown with the form theoretically 
obtamable (contmuous fine Ime) Sine wave mterrupted Ime In fig 4 the 
theoretical and smusoidal forms correspond very closely The latter form is not 
represented separately 

Plate 6 

Figs 6, 6, 7 and 8 — The lower tracing m each figure represents the amplified electrical 
output of the photo cell The upper tracing is m each case a microphone record 
of the corresfionding loud speaker response 

Flos 6 and 6 — Frequency 1024~ Diagrams are superimposed of the disk contours 
employed 

Flos. 7 and 8 — Frequency 266~ 

Plate 6 

Figs 9, 10, 11 and 12 — Oscillograph records of auditory tract and cochlear responses 
to 180° changes of phase In ell the records the upper tracing is of the micro- 
phone response Arrows mdicate the position of the phase changes Time 
marker l/200th sec 

Fig 9 — Cat No 1 a 256~ Microphone and tract 6 266~ Microphone and 
cochlea c 1024~ Microphone and tract d 1024~ Microphone and cochlea 

Fig 10 — Cat No 2 a 1024~ Microphone and tract 6 1024~ Microphone and 
cochlea 

Fig 11 — Cat No 3. a 256~. Microphone and tract b 1024~ Microphone and 
tract c 1024~ Microphone and cochlea 

Fig 12 — Cat. No 4 a 1024~ Microphone and tract b 1024~ Microphone and 
cochlea 

Fig. 13 — Oscillograph records of auditory tract response to 180° phase changes 
Cat No 5 Frequency 1024~ The upper tracing is of the microphone 
response Arrows mdicate the position of the phase changes 
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On the Changes in Histological Structure and Electrical 
Response of the Cochlea of the Cat following Section 
of the VI nth Nerve 

By D W Ashcroft,* C S HALLPiKB.f ahd A F Rawdon-SmithJ 
From the Ferena Institvie of Otology, Middlesex Hospital, London, IF 1 
{Communicated by H Hartridge, F R 8 — Received 17 October 1936) 
[PlatoH 7-12] 

Introduction 

According to Witmaack (1911), division of the Vlllth nerve in the cat 
results m widespread degeneration of the cochlear neurones peripheral to 
the point of section, the morphological integrity of all other cochlear 
elements bemg maintamed These findings have been confirmed by later 
observers (Kaida 1931 , Hallpike and Rawdon-Smith 1934 b), who have in 
addition shown that these results require for their production the avoidance 
of damage to the cochlear vessels, which is found to brmg about a generalued 
necrosis of the contents of the internal ear A study of the electrical 
response of the internal ear (cochlear component of the Wever and Bray 
phenomenon) found to occur in the cochlea of a cat denervated m the 
manner described, has been the subject of a previous publication (Hallpike 
and Rawdon-Smith 1934 6) In this, absence of electrical response was 
found to occur in a cochlea morphologically normal apart from the 
elmunation of the neural elements The results of a further senes of 
observations upon these Imes are now available and form the subject of 
the present paper 


Methods 

Under nembutal anaesthesia the Vlllth nerve was divided in a series 
of fifteen cats A ball-pointed dental probe was passed bhndly mto the 
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j Working with a grant from the Medical Research Council, and later, Semof 
Student of the Royal Commiaeioners of the Exhibition of 1851 
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internal auditory meatus and the nerve divided by gentle pressure The 
operative mortahty was ml, and no septic or other comphoations were 
enoountered 

Acute vestibular disturbance was mamfested in all oases during the week 
following the operation Head rotation and facial palsy were more per- 
sistent and varied in degree 

The electrical response of the cochlea was assessed in each case at periods 
varymg from 2 days to 23 weeks after the operation This was earned out 
m the following manner after decerebration under ether anaesthesia, both 
tympanic bullae were opened by the usual neck dissection, and recordmg 
electrodes of platinum placed in position upon the round window margins 
together with an earthed electrode in the neck muscles The recording 
electrodes were connected via a change-over switch to the grid lead of an 
amplifier (resistance-capacity coupled of conventional type) feedmg a 
cathode-ray oscillograph The maximum amplitude of the responses ob- 
tainable from the round wmdow at frequencies of 266, 612, 1024, and 2048 
cycles was measured directly upon the tube face and matched in each case 
by injecting smusoidal potentials of corresponding frequencies generated 
by a heterodyne oscillator and introduced into the mput circuit via a 
calibrated potentiometer The measurement of the voltages injected in 
this way, and matchmg the peak voltage values of the corresponding 
cochlear response was made with an A C (copper-oxide) voltmeter, con- 
nected across the outer termmals of the potentiometer In all cases the 
reflex response of the tympamc muscles to auditory stimulation was 
observed to be absent upon the side of operation , stimulation of the opposite 
ear resulted m all cases in a brisk response Intra-mtam fixation was 
immediately carried out. Ringer’s fluid followed by Witmaack’s solution 
being injected into the aorta, with a counter opening in the right ventricle 
The solutions were injected at a temperature of 37° C and pressure of 
80 mm Hg The temporal bones and brain stem were removed, and, after 
further hardening and decalcification, embedded in celloidin kSenal sections 
were made in the horizontal plane at 20 /t 


Results 

In four members of the senes, gross necrosis of the cochlear contents was 
found to have occurred as depicted in fig 1, Plate 7 They have accordingly 
received no further consideration in the present paper The remaming 
members have been classified in accordance with histological findings into 
three groups 
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Oroup I 

The histological changes found in the members of this group are given 
in detail in Table I, together with the electrical responses obtamed. The 
findings characterizing this group may be described as follows 

I — The neural elements exhibit varymg but, m general, considerable 
degrees of disintegration 

II — Corti’s organ, and m particular the hair cells, shows well-marked 
changes , in two cases, hair cells approximating to normal are present only 
in the basal whorl 

III — The electrical responses may be described as being either normal 
(considered in respect to that obtamed from the opposite mtact ear), or 
closely approachmg thereto 

The changes found in Case No 147, which may be considered typical 
of this group are depicted photomicrographically in figs 2-9, Plates 7, 8, 9 

Group II 

The histological changes found in the members of this group are given 
in detail in Table II, together with the electrical responses obtained 

The findings characterizing this group may be described as follows 

I — ^The neural elements exhibit an advanced degree of disintegration. 

II — Corti’s organ, and in particular the hair cells, is relatively well 
preserved In cases No 149 and No 160 no significant departure from 
normality can be observed 

ill — Organized exudate occurs in small amounts in the scala tympani 
adjoining the opening of the cochlear aqueduct 

iv — The electrical responses are absent or greatly reduced 

The changes found in case No 160, which may be considered typical of 
this group, are depicted photomicrographically in figs 10-17, Plates 9,10,11 

Group III 

The histological changes found in the members of this group are given 
in detail in Table III, together with the electrical responses obtained The 
findings characterizing this group may be described as follows 

I — The neural elements exhibit early degenerative change Cloudy 
swellmg of the cells of the spiral ganglion with nuclear disintegration is 
generally to be noted 

II — Corti’s organ, and m particular the hair cells, is well preserved. 

III — There is a well-marked serous lab 3 nrinthitiB extending throughout 
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the cochlea Coagulum fonnation is to be seen in all the perilymph spaces, 
and in one case a considerable haemorrhage has occurred 

IV — ^The electrical responses are found to be either normal or enhanced 
with respect to that obtamed from the opposite intact ear 
The changes in case No 130 which may be considered tjrpical of this 
group, are depicted photoimcrographically m figs 18-22 Plates 11, 12, 13 


Discussion 

The results given in Tables I and II may conveniently be considered 
together They are of mterest chiefly for the evidence they provide bearmg 
upon the hair cell theory of origin of the Wever and Bray phenomenon 
propounded by Davis and his collaborators (1934) According to this 
theory the phenomenon is regarded as arising somewhat m the manner 
of a piezo electric effect from the hair cells of f orti’s organ The evi 
dence now provided shows firstly (Table I) the possibility of a normal 
electric response occurring m association with marked degenerative changes 
in the hair cells In Table II the converse possibility is established namely, 
of a much reduced electric response occurrmg in association with morpho 
logically normal hair cells It is considered in the light of this evidence 
that the hair cell theory of origin of the Wever and Bray phenomenon must 
be regarded as untenable 

The results desenbed in Table III may conveniently bo considered m 
association with the findings in certain other animals of the senes m which 
labyrmthitis is a marked feature 

The oases are divided into two groups depending upon the length of the 
survival penod 

In the oases with survival times of 6 weeks and under the labyrinthitis 
IS of severe degree and is more pronounced upon the side of nerve section 
In this group may be placed the following 

Table I, No 130 No 124 

Table II No 123 In this case a gross haemorrhagt has occurred in 
addition to the labynnthitis 

Table III, No 131, No 120, No 125 

In cases with longer survival times (12 weeks and over) the labyrinthitis 
has to a large extent undergone resolution, with the exception of organized 
exudate occumng in the scala tympani around the opening of the cochlear 
aqueduct In this group may be placed the following 

Table I, No 161 

Table II, No 149, No 160 



HutologicaJ findings 
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The evidence provided by the findings in these two groups of oases would 
seem to indicate that following the operation of nerve section, a basal 
memngitis occurs which is more marked upon the side of operation 

A serous labyrmthitis of correspondmg seventy is set up m the cochlea 
on each side by direct spread along the cochlear aqueduct As is well 
known this provides the sole channel of communication between the 
subarachnoid space of the postenor fossa and the perilymph spaces of the 
internal ear and opens into the cochlea in the scala tympani adjoining the 
round wmdow In the later stages, resolution of the inflammatory reaction 
occurs, as shown by the disappearance of serous exudate m any large 
amount in the perilymph channels The only visible signs remaimng consist 
of organized coagula around the opening of the cochlear aqueduct, changes 
which, it 18 suggested, may be associated with some degree of chrome 
obstruction to the flow of perilymph The condition described is represented 
in fig 22 , Plate 12 The certainty that such obstruction exists cannot 
of course, be estabhshed upon histological data of the kind provided both 
on account of the physical nature of the coagulum and the obliquity of the 
plane of section of the aqueduct with respect to its long axis The presence 
of this coagulum m the mouth of the aquaeduct is, however, clearly demon 
strated and the probability is mdicated that its functional operation is in 
the direction suggested 

Striking differences are to be noted in the electrical responses obtamed 
m the two groups of cases Thus, in the short survival time group with 
active labyrmthitis, the responses are fully up to normal (0 6-1 mV) and 
are, moreover, somewhat enhanced upon the side of nerve section in which 
the serous labyrinthitis is more marked 

In the long survival time group with organized exudate limited to the 
region of the cochlear aqueduct, the responses are considerably reduced 
upon both sides, and more so upon the side of operation The general lines 
of the findings in these two groups may be considered to support the mem 
brane theory of origin of the cochlear component of the Wever and Bray 
phenomenon According to this, the potential changes in question are 
thought to be engendered by movements of a polarized membrane (Hallpike 
and Rawdon Smith 1934 a) Reasons for regarding the membrane of 
Reissner as being likely to accord with this description were thought to be 
furmshed firstly by its structure and further by its position separatmg the 
penlymph and endolymph The known differences m origm and composition 
of these flmds were cited as providing a probable mechanism of polarization 
In the cases of the long survival time group now described, the finding of 
evidence suggestive of ohrojne obstruction to the penlymph flow provides 
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upon the basis of the membrane theory a ready enough explanation of a 
breakdown of the polarization mechanism, which is further correlated with 
the marked reduction in the eleotncal response found to occur m these 
cases Reference may here be made to a case of this type described m a 
previous publication (Hallpike and Rawdon-Smith 1934 6) In this, absence 
of eleotncal response was found to occur m the cochlea of a cat some 
12 weeks after Vlllth nerve section Absence of any morphological ab- 
normality, apart from the absence of neural elements, was then thought 
to provide support for the neural theory of origm of the Wever and Bray 
phenomenon 

As indicated in the precedmg paper, other evidence is now available 
which must be considered to exclude the acceptance of this theory Though, 
in the case described, sections through the region of the cochlear aqueduct 
were not available, it seems justifiable to postulate the occurrence of 
conditions comparable to those demonstrated in the present long survival- 
time group of cases, and to ascribe to these conditions the absence of 
electrical response 

In the cases of the short survival-time group, perilymph stasis, probably 
of acute degree, must bo supposed to have occurred However, the corre- 
lation of these findmgs with the marked preservation of the electrical 
response would appear to be quite reasonably compatible with the mem- 
brane potential theory of origin of the response, if it be supposed that in 
this acute condition, with gross exudate in all the perilymph channels, the 
osmotic conditions favouring the maintenance of polarization of Reissner’s 
membrane are preserved 

Grateful acknowledgement is made to the executors of the late Dr A A 
Gray for the loan of photonucrographic apparatus 

Summary 

The morphological changes which occur in the cochlea following Action 
of the Vlllth nerve are descnbed in a senes of eleven cats, and are corre- 
lated in each case with the electncal response obtained from the cochlea 
during acoustic stimulation. 

The cases are divided in accordance with the findings into three groups. 

Group I 

In this group, marked degenerative changes are found in the neural 
elements and in the cells of Corti’s organ, with preservation of a normal 
electncal response. 
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Group II 

In this group the neural elements show an advantied degree of degenera 
tion The cells of Corti a organ are however relatively well preserved 
Organized exudate is found in small amounts m the scala tympani adjoining 
the opening of the cochlear aqueduct The electncal responses are absent 
or mtch reduced 

Group III 

In this group minor degenerative changes are found in the neural 
elements and cells of Corti s organ There is a widespread serous labyrmthitis 
with much exudate in all the perilymph spaces The electncal responses 
are normal or enhanced 

The findings in Groups I and II are considered to render untenable not 
only the neural but also the more generally accepted hair cell theory of 
ongin of the cochlear response 

The findings in Group III and in other cases of the senes in which serous 
labyrmthitis is found to have occurred are considered to provide evidence 
which supports the membrane theory of origm of the cochlear response 
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Description of Plates 
Plates 7 12 

Fio 1 — Total necrosis of the contents of the cochlea following section of the Vlllth 
nerve and cochlear artery Note the formation of masses of hotorotopic new bone 
Flos 2 9 — Photomicrographs of cochleae of Cat No 147 
Fio 2 — Left chochlea x 22 
Fia 3 — Left cochlea Lateral middle whorl x 80 
Fio 4 — Left cochlea Lateral basal whorl x 80 
Fio 5 — Left cochlea Internal apioal whorl x 80 
Fio 6 — Loft cochlea Internal middle whorl x 80 
Fio 7 — Loft cochlea Internal basal whorl x 80 
Fio 8 — Right cochlea x 22 

Fio 9 — Right cochlea Internal middle whorl x 80 
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Fioa. 10-16 — ^Photomiorographa of ooohleae of Cat No. ISO 
Fia. 10 — Left ooohlea. x 22. 

Fia.^l 1 — Left ooohlea Interned apical whorl, x 80 
Fio. 12 — ^Left ooohlea Interned odddle whorl x 80 
Fig. 13 — Left ooohlea. Interned baaed whoil x 80 
Fig. 14 — ^Right ooohlea. x 22 
Fig 15 — Right ooohlea Lateral baaal whorl x 80 

Figs 10-21 — ^Photomicrographa of cochleae of Cat No 131 
Fig 16 — Left ooohlea x 22 

Fig 17 — Left cochlea Lateral middle whorl x 80 
Fig. 18 — Left ooohlea Lateral baaal whorl x 80 
Fig. 10 — Left ooohlea Internal apioal whorl x 80 
Fig 20 — Right ooohlea x 22 

Fig. 21 — Right ooohlea Lateral baaal whorl x 80 

Fig 22 — ^The opening of the aqueduot of the ooohlea into the soala t3mopam, 
showing the presence of a fine organized ooagulum The denser material appear* 
mg withm the lumen of the sxjueduot consists chiefly of its epithelial lining out 
in obhque section 
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A Contribution to the Comparative Biochemistry of 
Muscular and Electrical Tissues 

By Ernest Baldwin and Dorothy Moylb Needham 

From the Marine Biological Station, Tamaria-sur-Mer, France, 
and the Biochemical Laboratory, Cambridge 

{Communicated by Sir Frederick Hopkins, O M , F.R S — Receiv^ 

22 October 1930 ) 

Recent advances in the biochemistry of muscle have made it clear that 
the disappearance of glycogen and the resynthesis of phosphocreatme 
during anaerobic contraction are connected by a complex cychcal system 
of reactions in which a leading part is played by adenyhc compounds (see for 
example Ostem, Baranowski and Reis 1935 , Needham and van Heymngen 
1935; Lehmann 1935). The subject has recently been summarized by 
Famas (1936), full details and references wiU be found m his review. 
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The present paper reports the results of some comparative work on the 
presence of similar systems in some hitherto unexammed tissues These 
were, first, the electrical organs of the ray Torpedo, which, although ex- 
tensively modified m the course of theur development, arise firom pre- 
musoular tissue m the embryo and may therefore be regarded in some 
measure as muscular m ongm We also used the stnated jaw muscles of 
a typical echinoid and the smooth muscles of the body wall of a holo- 
thunan In addition we determined the type of phosphagen present m 
representatives of two other groups of Echinodermata, the Ophiuroidea 
and the Cnnoidea, which have not hitherto been exammed The results 
on eohmoderm muscle have a sigmficant bearing upon the phylogenetic 
aspects of our knowledge oi the distnbution of the phosphagens A 
prelimmary commumcation has already appeared (Baldwm and Needham 

1936) 

The followmg reactions are known to occur in the presence of enzyme- 
contaimng extracts prepared from vertebrate muscles, and are the ones 
which we have studied here . 

(l) Phosphoglycenc acid phosphopyruvic acid 

(u) Phosphopyruvic acid + adenyhc acid pyruvic acid + adenylpyro- 
phosphate 

(m) Adenylpyrophosphate-f- creatine creatme phosphoric acid 
+ adenyhc acid 

(iv) Adenylpyrophosphate -> adenyhc acid -i- phosphonc acid 

Lehmann (1935) and Lohmann (1936) have shown that with mvertebrate 
muscle, as represented by crab and octopus, creatme is replaced by 
orgimne m reaction (m) it is important to notice that vertebrate muscle 
will not esterify arginine, nor will the invertebrate muscles previously 
tested (crab) estenfy creatme (Lehmann 1935) 

We were able to demonstrate the occurrence of this senes of reactions m 
the electncal cells of Torpedo and m the echmoderm muscles studied , the 
fact that the adenylpyrophosphate used m our experiments was prepared 
firom rabbit muscle strengthens the opmion that one and the same nucleo- 
tide IB mvolved as a phosphate earner in all kmds of muscle, vertebrate 
and invertebrate alike 


Methods 

The tissue extracts used were prepared m some cases by gnnding the 
tissue with sand and adding one and a half times its weight of ice-cold 
distilled water, in others by fireezmg the material m a mortar till quite hard. 
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beating it with the pestle until a finely divided paste was obtained, and 
adding the water to this In either case the mass was allowed to stand at 
0° C. for 30 mm and then centrifuged, and the extract decanted into a 
flask to be stored m the refrigerator Where dialysed extracts wore used, 
the dialysis was carried out in tlun cellophane membranes (previously 
soaked m N/10 HCl for several hours and then well washed with distilled 
water) against loo-cold 0 6% KCl m the refrigerator, with frequent stirring 
and changing of the external solution 
The solutions used were the following 
Creatine, ca 30 mg /c c 

Argtmne, ca 60 mg /c c (approx e(|Uivaleiit to the creatine) 
3-phoaphoglyceric actd, 2 4 mg P/c i , from the baiium salt of a prepara- 
tion made from yeast, barium being removed by a very shght excess of 
sodium sulphate 

Adenylpyro 2 >hosphate, 1 4 mg pyrophosphate P/c c , from the banum 
salt of a rabbit muscle preparation, barium being removed as above 
Adenylvi acid, 0 7 mg P/c c , equivalent to the adenylpyropliosphate, 
from a pure preparation (by Henning) from mammalian muscle 

Magnesium sulpliate, half saturated, coutaimng about 0 6 mg Mg/drop 
All solutions were biought to pH 7 by the addition of acid or alkah, 
phenol red being used as external indicator Fresh samples were made 
up at least once a week and often moic fi-oquently, and were kept at 
0°C 

The following description of a typnal exiieiiment gives details of the 
procedure followed m most of the experiments, and only minor modifica- 
tions were introduced from time to time where necessary in particular 
cases The samples were set up in numbered tubes, each of which received 
2 c c of the enzyme propaiation After the required quantities of the 
various reagents had been added, the pH was brought to 7 8-8 0 by the 
addition of a few drops of 4 % NallCO,, phenol red being used externally 
as indicator The final volume was 2 &-3 0 c c The tubes were now incubated 
for the required time at the temperature desired, usually 10 mm at 46° C , 
and at the end of the mcubation they were plunged into a freezmg mixture 
to brmg the temperature rapidly down to zero An equal volume of ice-cold 
8-10% trichloracetic acid was now added to precipitate the proteins and 
inactivate the enzymes After the addition of 1 c c of 25 % barium acetate, 
a drop or two of phenolphthalem was added, and followed by 2N soda, 
drop by drop, to make the whole fluid just alkaline to the indicator After 
standmg for 6-10 mm in ice the tubes were centrifuged and phosphagen 
was estimated in the centrifugates 
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We frequently found that traces of inorganic phosphate were earned over 
into the centrifugates, and accordingly made it our practice to filter these 
before proceedmg to carry out the estimations All phosphate estimations 
were tamed out by the method of Fiske and Subbarow (1929) 

Creatuie phosphonc acid was estimated by treatmg the filtered oentn- 
fugates with the Fiske and Subbarow reagents and allowing them to stand 
for 30 mm before oompanng them m the colorimeter The molybdate used 
in this method catalyses the hydrolysis of creatine phosphonc acid, which 
18 then complete after 30 mm The method used for argmme phosphonc 
acid was that of Lohmann (1936) after just discharging the pink colour 
of the centrifugates with a drop or two of N/10 acid, the fluid was treated 
with one quarter of its volume of 10 % tnchloraoetic acid to give a 2 % 
solution, and heated m a boihng water bath for 1 min. After coolmg, the 
colour reagents were added m the usual way and the comparison made after 
allowing 10 mm for full colour development This method gives the sum 
oi both forms of phosphagen, from which the amount of argimne phosphoric 
acid could readily be found by deductmg that of creatme phosphonc acid 
in the few cases where both were present m a solution at the same time 
In order to determine inorganic phosphate and pyrophosphate P we 
extracted the protem-contaming precipitate, which remaaned after centn- 
fugation of the alkaline extract, with 60c 0 4N HCl for 5-10 nun , and 
poured off the clear supernatant solution after centrifugation Provided 
that enough acid is used for this extraction there is no inherent disadvantage 
m not removmg the precipitated proteins before precipitating the insoluble 
fraction of the phosphate The inorganic phosphate was estimated directly 
on a sample of the solution so obtamed, and the pyrophosphate by hydro- 
lysis m N HCl at 100“ C In general, pyrophosphate P can be detennmed 
after a 7 mm hydrolysis, but as phosphopyruvio acid was present m some 
of the experimental samples, havmg been formed from added phospho- 
glycenc acid, one sample was hydrolysed for 7 and a second for 60 min 
About one-half of the phosphopyruvic acid is hydrolysed in 7 mm so that 
the pyrophosphate P could readily be calculated Although only approxi- 
mate, this method served to give figures of the order of accuracy required 
here In this paper the expression “ pjrrophosphate P” always means the 
easily hydrolysable P of the adenylpyrophosphate molecule Estimations 
of total P were earned out by wet ashing with sulphuric acid and perhydrol 
after the method of Eggleton and Eggleton (1929} 

Adi figures in the tables are expressed m mg P in the sample of extract 
Actually used m the particular expenments 
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1 — ExPHBIMENTS with the ELECTMOAIi TISSUE OF ToRPEDO 

In spite of the difference in the nature oi their respective responses to 
stimulation, the electrical organs of Torpedo and muscle both arise from 
the same kmd of embryomo rudiments Although very different morpho- 
logically, both t3rpe8 of effector show many physiological and pharmaco- 
logical resemblances, and there is evidence too of a close biochemical 
relationship between the two tissues It has long been known that glycogen, 
creatme, and phosphate are present m the electrical tissue, and Kisch 
(1930) and later Baldwm {1933 b), who also suminanzed much ol the earher 
work, both found that the creatine is actually present ui the form of creatme 
phosphoric acid, its physiological behaviour being very similar to that in 
muscle Baldwm (1933 6) gave some approximate figures for the partition 
of phosphorus in extracts of the electrical tissue, and the newer figures 
reported m Table I show how very close is the resemblance between the 
two tissues m this respect The data for rat muscle are taken from Con and 
Con (1932) and those for the frogfrom Eggleton (see Hill and Kupalov 1930) 


Table I — Distribution of Phosphorus in Electrical and 
Muscular Tissue 



Electrical 

organ 

Muscle 

Muscle 


Torpedo 

Frog 

Rat 

P CM mg /lOO g tissue 

Inorganic + phosphagon P 

60 

83 

116 

P)Tt3pho8phate P 

22 

30 

40 

Adenylic acid P 

11 

16 

20 

Ester P 

6 

6 

8 

Total P 

96 

133 

183 

P as % of total P 

Inorganic -fphosphagen P 

61 

62 

62 

Pyrophosphate P 

22 

22 

22 

Adcnyhc acid P 

11 

11 

11 

Ester P 

6 

4 

6 

The species employed throughout our work was T marmorata, of which 

two large female specimens, about 30 cm 

in diameter, 

were used The 


extracts were almost colourless, shghtly opalescent, and quite mobile even 
at 0° C 

In previous work demonstrating in muscle the occurrence of the senes 
of reactions mentioned above, the difficulty has always been encountered 
that the adenylpyrophosphatase (the enzyme system responsible for the 
catalysis of reaction (iv)) is very active and stable. In its presence, the 
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demonstration of any synthesis of adenylpyrophosphate or phosphagen is 
difficult, reaction (ui) is reversible, the direction being influenced by the 
relative concentrations of the reactants. When adenylpyrophosphatase is 
present, the concentration of aidenybc acid is increased and this brings 
about the breakdown of much of the phosphagen which has been synthesized 
m reaction (lu) This difficulty has been partly or completely overcome by 
dialysing the extracts for 12-16 hours at 0“ C (Lohmann 1934) or allowing 
them to stand for 6-10 days at 0° 0 with a much shorter dialysis period 
(Lehmami 1935) Durmg such treatment the adenylpyrophosphatase is 
destroyed or greatly weakened, while the other enzymes are but little 
affected In the present work, each of the tissues examined showed 
considerable adenylpyrophosphatase activity, and Lehmann’s method of 
mactivation was chiefly used, though not always very successfully as the 
time at our disposal was too short With dialysed extracts a magnesium 
salt was added, as Lohmaim (1931) has shown the magnesium ion to be 
a necessary activator for such extracts 

Transfer of Phosphate from Phosphoglycene Acid to Adenyhc Acid 
Exp 1- The extract was chalysed for 7 hours and stood 6 days at 0° C 
2 c c were incubated for 2 mm at 40° C with 1 2 mg phosphoglycene 
acid 1’, 0 14 mg adenyhc acid P, and 0 6 mg Mg (sample I) As control, 
2 c c of extract were meubated with water and Mg alone (sample II) — see 
Table II This expenment shows the synthesis of adenylpyrophosphate 
when phosphoglycene acid is added Only about 15 % of the adenyhc acid 
added appeared m the phosphorylated form, the increase m o-phosphate 
in sample I mdicates the persistence of adenylpyrophosphatase, for other 
expenments show that free phosphate is never formed from phospho- 
glycenc acid alone 

Table II 

Inorganic P Pyrophosphate P 

I 0 112 0 04 

II 0 077 0 00 

Transfer of Phosphate from Adenylpyrophosphate to Creatine 
Exp 2 — The extract was 7 days old and had been dialysed for 7 hours 
2 0 c were meubated for 30 mm at 40° C with creatine (30 mg ), adenyl- 
pyrophosphate (0 936 mg pyrophosphate P) and 0 6 mg Mg (sample I) 
A control (sample II) contamed all the constituents except adenylpyro- 
phosphate — see Table III Here 63 % of the added adenylpyrophosphate 
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remained unchanged, 10% was transferred to creatine and 22 % appeared 
as morgamo phosphate 

Table III 



Phosphagen P 

Inoiganio P 

Pyrophosphate P 


found 

found 

found 

I 

0 094 

0 201 

0 588 

II 

0 

0 

0 


Transfer of Phosphate from Phosphoqlycertc Acid to Creatine in the Presence 
of Adenylic Arid 

Exp 3 — The extract was 3 days old and was undialysed 2 c c samples 
were mcubated at 40° C , each contaimng 6 mg creatine and the various 
constituents shown in Table IV This experiment shows (a) that phosphate 
is transferred from phosphoglycenc acid to creatine, for the amount of 
phosphocreatine formed cannot be accounted for simply by the decrease 
m adenylpyrophosphate content, (h) that besides phosphagen synthesis, 
liberation of inorganic phosphate has gone on This again must have come, 
in part at any rate, from the phosphoglycenc acid P 





Table IV 




mg phos 

mg jiyro 


tng jihos 

mg 

mg pyro. 


phoglycenc 

phosphate 

Tunc 

phagon P 

inorganic P 

[)ho8{)hate 

Sample 

P added 

P added 

(min ) 

found 

found 

P found 

I 

1 2 

0 28 

10 

0 26 

0 88 

0 16 

n 

1 2 

0 28 

10 

0 24 

0 81 

0 08 

m 

1 2 

0 28 

30 

0 17 

1 19 

0 06 

IV 

0 

0 

10 

0 00 

0 68 

0 00 

V 

0 

0 

30 

0 00 

0 66 

0 00 


That neither phosphagen synthesis nor formation of inorganic phosphate 
can go on at the expense of phosphoglycenc acid P in the absence of the 
adenyhc compound is shown in the next experiment 

Exp 4— An extract 4 days old was used after 7 hours’ dialysis 2 c o 
samples were used m each case and mcubated for 10 min at 40° 0 with 
6 mg creatine and the other constituents given in Table V In sample IV 



mg phos- 
phoglycenc 

mg pyro- 
phosphate 

Table V 

mg Mg 

iiig phos 
phagen 

mg 

inotgunio 

mg pyro- 
phosphate 

Sample 

P added 

P added 

added 

P found 

P found 

P loft 

I 

1 2 

0 28 

06 

0 24 

0 32 

0 06 

n 

1 2 

0 28 

00 

0 10 

0 29 

0 09 

III 

1 2 

0 00 

00 

0 00 

0 10 

0 00 

IV 

00 

0 28 

06 

0 00 

0 19 

0 04 

V 

00 

0 00 

06 

0 00 

0 08 

0 00 
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the residual activity of the adenylpyrophosphatase is well shown No 
experiments were made to show the formation of phosphopyruvic acid 
from phosphoglycenc acid (reaction (i)) but in one cxpenment, m which 
a brei was used it was shown that phosphopyruvic acid functions hke 
phosphoglycenc in bnngmg about the phosphorylation of creatme 

Exp 5 — Ihe brei was made from tissue which had been kept 4 days 
at 0° C this was macerated with half its weight of M/30 phosphate buffer 
at pH 7 and allowed to stand 90 mm at room temperature before use 
1 c c of the brei was taken in each tube together with 7 6 mg creatme 
and incubated for 10 min at 40° C with the further additions shown m 
Table VI 


Tablk VI 


Sample 

mg pho8 
phoglyccTtc 
P added 

mg pho8 
phoj yruvic 
Paddfxi 

mg pyro 
phosphate 

P added 

mg phos 
phagen P 
found 

mg 

inorganic P 
found 

I 

1 26 

0 00 

0 28 

0 068 

0 97 

II 

1 26 

0 00 

0 00 

000 

0 76 

III 

0 00 

000 

0 28 

0 00 

0 88 

IV 

0 00 

1 25 

0 28 

0 048 

1 11 


The formation of pyruvic acid as an end product of the breakdown of 
phosphoglycenc acid was shown m the following way 2ct of an extract 
which was four days old and had been dialysed for 7 lir were incubated 
with 2 5 mg phosphoglycenc acid P 0 28 mg pyro P m the form of 
adenylpyropliosphate and 6 mg creatme the reaction bemg allowed to 
contmue for 2 hours at room temperature (about 26° ( ) After de 
protemizing the mixture with an equal volume of 8 % tnchloracetic acid 
and centrifuging 6 c c of the centnfugate were treated with 1 o c of a 
saturated solution of 2 4 dimtrophenylhydrazine m 2N HCl A yellow 
crystaUine precipitate began to form almost at once and precipitation 
was complete after standing overnight m the refiigerator The residual 
centnfugate was neutrahred and submitted to the nitroprusside reaction 
for pyruvic acid a strongly positive reaction being obtained A sample 
of the extract itself was deprotemized and tested in the same way for 
pyruvic acid which was found to be absent 

To sum up these results we may say that not only is the acid soluble 
phosphorus almost identically distnbuted m muscle and in electno organ, 
but the enzyme systems concerned in phosphate metabolism m the two 
tissues show close simdanty The functional differentiation of muscular and 
electncal tissue is accompanied by obvious morphological differences yet 
in erabryomo ongin chemical constitution and in the mtermediate, energy 



206 


Biochemistry of Muscular Tissues 

providing chemical reaotiona the two tiesuee are closely related How do 
they transmute their chemical energy into its characteristic effector forms * 
Various hnes of evidence m particular X ray studies have in recent years 
gone far to convmoe us that the contractihty of muscle is a distinctively 
molecular contractility and one m which the protein myosin is concerned 
The solution of the corresponding problem for the electrical organs seems 
far distant but perhaps it is logical to expect that here also the charactenstic 
discharge will prove to be associated with the protein architecture of the 
organ and with the actions of ions upon it 

In conclusion it ought perhaps to be mentioned that the electric organs 
of Torpedo are morphologically similar to those of other fishes such as 
Malaptmirus although the latter are derived from glandular rather than 
muscular rudiments in the embryo and therefore offei a most interesting 
material for further comparative work upon the lines followed in the 
present paper 


2 — Experiments on Echinoid Jaw Miscri' 

The presence m the jaw muscles of Stronqi/lorentrotus l%vt lus of both 
creatine phosphoric and argmme phosphonc acids was demonstrated by 
Needham Needham Baldwin and Yudkin (1932) The only other tissue in 
which both phosphagens were found was that of an enteropneust Balano 
gloisua salmoneui and these facts led us to suggest that the theory of 
vertebrate ancestry put forward by Bateson and supported by Macbnde 
and others might claim confirmation of a biochemical as opposed to a 
purely morphological kind Needham and Needham (1932) have reviewed 
other theories of vertebrate descent in relation to biochemical data else 
where It will be remembered that the classical work of Bateson le<l to the 
behef that the mvertebrate group most closely allied to the ancestors of 
the Vertebrata was the Echinodermata The Enteropncusta hnk these two 
groups smce they possess larval forms (Tornarm) similar to the larvae of 
echinoderms and m the adult state a notochord and certain other morpho 
logical features charactenstic of the Vertebrata 

We had two objectives in the present expenments It has already been 
mentioned that in the cases previously studied muscle tissue synthesizes 
from added guanidine bases only the type of phosphagen which it normally 
possesses other bases being unaffected Thus the synthesis of both phos 
phagens from added creatine and argmme respectively would be additional 
evidence for the presence ofboth in the tissue Secondly although m the work 
of Needham and others (1932) the identity of creatine phosphonc acid was 
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well estabbshed less attention was paid to the supposed arfipnme phosphate 
In the present work we aimed at obtaimng evidence to prove the identity 
of the compound 83mthe8ized from added arginine with arginme phosphonc 
acid itself 

Our first experiments were earned out on the ]aw muscle of specimens 
of Paraemtrotut hi %dus a species which is abundant at Tamans but the 
jaws of which are small for most of the work we used the larger species 
Sphaerechtnus granulans from a single specimen of which as much as 1 g 
of ]aw muscle can usually be obtained We found no reason to bebeve that 
there is any significant difference between this and the smaller species at 
any rate so far as the systems which we studied are concerned The extracts 
were prepared m the usual way and stored in the refrigerator They were 
very viscous oven at room temperatuie and at 0° ( wore semi sobd The 
general expenmontal method and the solutions employed were the same 
as for the electneal organs of Torpedo 

SynfJiens of Creatine and Arginine Phosphates 
We first demonstrated the synthesis at the same time and by the same 
sample of extract of both phosphagens It was found that the phosphagens 
can be synthesized independently or simultaneously but that argirune 
phosphonc acid is always synthesized more readily than the creatine 
compound this is interestmg in view of the fact that the results of Needham 
and others (1932) suggest that the creatme phosphagen is the more labile 
of the two in vivo 

Exp 6 — In this preliramary experiment 2 0 c of an undialysed 8 days 
old extract were used with 6 mg creatme and 10 mg argimne 1 2 mg 
phosphoglyoenc acid P and 0 28 mg adenylpyrophosphate P were added 
and the tubes incubated for 10 mm at 40° C when 0 016 mg creatme 
phosphate P and 0 062 mg argimne phosphate P were found 

In later exponments much better yields of both phosphagens were 
obtained 

Exp 7 — An undialysed extract 8 days old was used 2 c c samples 
were incubated m each tube with the adcbtions given m Table VII for 
10 mm at 40° C ihis expenment indicates that the two phosphagens are 
synthesized quite independently of each other There is no evidence to 
show whether two separate specific enzymes are concerned or whether 
when one tissue can deal with both bases a less specific enzyme is present 
than that which occurs m vertebrate or crab muscle 
With an 8 days old extract dialysed for 11 hours all conditions being 
otherwise the same as m the last expenment a yield of 0 33 mg argimne 
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phosphoric acid P was obtained (corresponding to 26% of the added 
phosphoglyoenc acid P) while with added creatine the yield of creatine 
phosphonc acid P was 0 16 mg (corresponding to 12% of the phospho 
glycenc acid) 

Table VII 


Sample 


mg phospho 
glyceric P 
added 


ing pyro 
phosphate P 
added 


mg adenj lie P 


mg arginine 
phoaphoi 1 C P 
synthesi/Ml 


I 

II 

III 

IV 

V 


(o) Synthesis of arginine phosphonc acid (10 mg arginine added) 

1 2 0 28 — 0 296 

12 — 0 14 0 176 

1 2 0 00 
0 28 froco 

— —0 00 


II 

III 

IV 

V 


(b) Synthesis of croatme phosphoric acid (6 ing crcatiru 
1 2 0 28 — 

12 0 14 

12 — — 

— 0 28 — 


a Ide 1) 


0 100 
0 065 
0 00 
0 00 
0 00 


It IS interesting to notice that adenylic acid acts here quite efficiently 
in the transport of phosphate from phosphoglyoenc at id to the guamdine 
base Estimations of the easily hydrolysable (pyrophosphate) P in tubes 
(a) II and (6) II (Table VII) showed that 60-70 % of the adenyhc acid added 
had been converted into the pyrophosphate Also in expenments on 
holothurian muscle to be desenbed below practically no difference was 
found in the amount of phosphaigen synthesized in the presence of either 
of these two compounds This ready phosphorylation of adenyhc acid goes 
on in vertebrate muscle extracts but was found not to occur in the mverte 
brate muscle extracts previously studied (Ixihmann 1935 and Lehmann 
1935 for crab muscle Lohmann 1936 for the muscle of Octopui) Lohmann 
(193s) has shown that breakdovm and synthesis of adenylpyrophosphate 
takes place in two stages adenosine diphosphate being an intermediate 
product 

(v) Adenylpyrophosphate + argmine adenosme diphosphate + argi 
mne phosphonc acid 

(vi) Adenosine diphosphate + arginine >• adenyhc acid + argmine phos 
phone acid 

In trab muscle reaction (v) is reversible but reaction (vi) is not that is 
to say adenosine diphosphate but not adenyhc acid can be phosphorylated 
by phosphagen Similarly phosphopyruvic acid can phosphorylate adeno 
sine diphosphate but adenyhc acid very slowly or not at all In extracts 
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of Octopus muscle also the phosphorylation of adenyhc acid by phospho 
pyruvic acid seems to be a comparatively slow process 

The formation of pyruvic acid from phosphoglyceno acid was demon 
strated in an experiment in which 2 c c of a 7 days old extract were incu 
bated with 2 6 mg phosphoglycenc acid P 0 28 mg pyrophosphate P 
(as adenylpyrophosphate) and 6 mg creatine for 2 hours at room tern 
perature After deproteimzing the flmd a positive nitroprusside reaction 
and the formation of the 2 4 dimtrophenylhydrazone were successfully 
demonstrated 

Attempts were made to demonstrate also the effect of addmg magnesium 
to dialysed extracts but with no great success After 11 hours dialysis the 
addition of magnesium did not increase the synthesis of either phosphagen 
and this may be due to the great viscosity of the extracts at the temperature 
at which the dialysis was carried out It is possible that the mobihty of 
the magnesium ion in such a medium may be small or on the other hand 
that magnesium was retained withm mtact cells for the extracts of the 
jaw muscle presented the appearance of a very thick suspension of tissue 
substance rather than that of a strong cell free protein solution such as 
18 obtamed from many tissues In another expenment a portion of one of 
the extracts was dialysed for 3 days in all and it was then found that 
although the synthesis of creatine phosphonc acid was not much affected 
that of the arginine compound rose from 0 176 to 0 366 mg phosphagen P 
with the addition of 0 6 mg of magnesium m a typical experiment 

The 83 mthe 8 i 8 of two phosphagens by the normal muscle mechamsm has 
thus been demonstrated the one substance bemg synthesized from creatine 
and the other from argmino We shall return to a discussion of the pliylo 
genetic aspect of these results in a later section 

Identitif of the Arginine Phosphoric An I 

Several samples of crude arginine phosphonc acid were prepared for 
this part of the work In % typical case this was done by incubating 2 c c 
of a 2 days old extract with 1 26 mg phosphoglycenc acid P 0 28 mg 
pyrophosphate P and 10 mg argimne for 10 mm at 40° C and pH 7 8 
After mcubation the flmds were deproteinized with 1 vol of 10% tnchlor 
acetic acid treated with banum acetate in the usual way and made shghtly 
alkahne to phenolphthalein with 2N NaOH After centrifuging down the 
precipitate the clear centnfugate was treated with 2 vol 96% alcohol 
(previously neutralized to pH 9) and left for 2 3 hours to allow of complete 
precipitation of the phosphagen m the form of its banum salt The pre 
cipitate was centnfuged down dissolved in a httle weak acid and repre 
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oipitated with alcohol again oentnfuged down and dissolved again in weak 
acid The pH. was now brought to 7 and a httle sodium sulphate solution 
was added to remove the banum after which the solution was oentnfuged 
agam and finally made up to a known small volume 

(i) In one such expenment a preparation was made up to a final volume 
oflOcc In2 cc the free argimne content was estimated by Weber s 
modification (1930) of the Sakaguchi reaction The remaining 8 t c were 
treated with 2 c c 10% tnchloracetic acid and heated for 1 mm m a boding 
water bath to decompose the phosphagen Of the resulting fluid 5 c c 
were taken for determmation of the phosphate hberated diinng the hydro 
lysis, while the remammg 6 c c were used for duphcate determinations 
of the final argimne content From the observed phosphate content it was 
calculated that the total argimne content after hydrolysis should be 
1 07 mg allowmg for the 0 068 mg found m the unhydrolysed solution 
The amount actually found was 1 32 mg m all or about 120 % of the yield 
expected In view of the approximative nature of the Weber method this 
agreement is satisfactory, and may be taken as an mdication that the 
phosphagen consists of equivalent amounts of phosphoric acid and a base 
which gives the Sakaguchi reaction But this reaction is given by a wliole 
senes of guamdme denvatives and further confirmation was therefore 
required 

(11) The next attempt to identify the base was made with the aid of 
mammahan argmase which, so far as we know, is almost perfectly specific 
(see Baldwm 1936) The only substrate known to be attacked apart from 
argimne itself is the corresponding a ketomc acid The argmase employeil 
was prepared by taking 20 g hver from a freshly killed rabbit, gnndmg 
thoroughly with a httle sand till the tissue was reduced to a creamy mass 
and adding 20 c c distiUed water After thoroughly mixmg the mass was 
allowed to stand for an hour to extract the enzyme and then centnfuged 
to remove the sand and unbroken fragments of tissue, the creamy centn 
fugate being decanted and stored m the refrigerator 

The ‘argimne” phosphoric acid was prepared as before, starting with 
10 c c of the extract, hydrolysed, and made up to a final volume of 5 c c 
of which 0 6 c c was taken for phosphorus estimation The total P content 
was 0 668 mg m all The residual solution was treated with 1 c ( of the 
argmase preparation, the pH brought to about 0 5 usmg the B D H 
Umversal Indicator externally, and then incubated for 3 hours at 38“’ C 
No antiseptic was added A control was set up at the same time the 
‘ argimne” solution being replaced by water, m order to allow tor urea 
present m the argmase preparation After incubation the fluids were 
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deproteimzed by boiling and adding enough acetic acid to get maximum 
precipitation of proteins and filtering a small part of the experimental 
reaction mixture was however reserved The manometnc method of 
Krebs and Henseleit (1932) was used to estimate urea in the filtrates the 
determmations being earned out in duplicate After correctmg for small 
amounts of urea found in the controls the yield of urea was found to be 
1 27 mg in all or 98 % of the 1 29 mg expected from the phosphate deter 
mmation The small sample of the experimental solution which had been 
reserved was deproteimzed with an equal volume of 10% tnchloraoetic 
acid filtered neutralized and tested for arginme by the Weber techmque 
a perfectly negative reaction being obtamed 

The base of the supposed arginine phosphonc acid is thus completely 
hydrolysed by mammalian arginase with the hberation of a quantitative 
yield of urea 

(m) A further attempt was made to identify the phosphagen by 
measuring the velocity of its hydrolysis in N/10 acid with and without the 
addition of molybdate The concentration of the latter was 0 26% in the 
final reaction mixture It is known (Meyerhof and Lohmann 1928) that the 
hydrolysis of argimne phosphoric acid is strongly inhibited by molybdate 
the retardation factor being of the order of 16-10 times Lohmann (1936) 
states that the concentration of molybdate used in this work was approxi 
mately 2 % and that the value of the retardation factor depends upon the 
concentration of molybdate used this value also depends upon the punty 
of the phosphagen preparation to some extent Nevertheless factors of 
the order of 16-30 have been obtained with only 0 2 0 3 % molybdate by 
Baldwm and Needham { 1 933) for the arginine phosphate of blow fly muscle 
and by Eggleton (1934) for that of the adductor muscle of Mytilus while 
powerful inhibitions were also recorded by Meyerhof (1928) for the phos 
phagens of several other invertebrates It seems that the molybdate effect 
must be considerably more compheated than htis been supposed for it was 
found by Baldwin (1933 c) that the phosphagen of the cephalopod Medone 
gives retardation factors of only 3 4 with 0 26 % molybdate a fact which 
led him to suppose that a new phosphagen was perhaps present here I he 
subsequent work of I ohmann (1936) has shown beyond doubt however 
that the phosphagen of the oephalopods is arginine phosphoric acid and 
too great rehance cannot therefore be placed upon the numencal value 
of the retardation factor as a specific character of the substance 

In the present instance a solution of argimne phosphonc acid prepared 
by the method outlined above was made decinormal with respect to H( 1 
and meubated with and without the addition of 0 26 % ammomum molyb 
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date at 28° C Samples were withdrawn from time to time and treated 
with the Fiske and Subbarow reagents with a view to meewunng the mcrease 
or inorganic phosphate as the hydrolysis proceeded Actually however 
it was found that the blue colorations produced were often more than could 
be accoimted for by the whole of the morgamc P known to bo present 
A similar state of affau^i was encountered in our work on fly muscle 
(Baldwm and Needham 1933) and we showed that this effect is due to the 
formation of a sihco molybdate from traces of sihca present m the solutions 
and extracts Ihis reaction takes place if sihca contaimng solutions are 
treated with molybdate in N/10 acid but not in more strongly acid solu 
tions This sih comolybdate is reduced by the reagent employed in h iske and 
Subbarow s method to give a blue compound and thus simulates morgamc 
phosphate when the estimations are earned out In the present case it 
was noticed that samples incubated with molybdate in N/10 acid went 
bright yellow the coloration being due presumably to the formation of 
sihcomolybdate In order to hnd a way of overcommg this difficulty we 
tned the effect of precipitating tlie phosphate with calcium m one case and 
banum m another the phosphate solution having previously been incubated 
with molybdate in the presence of N/lOHfl and traces of silicate Ihe 
precipitates of earthy phosphates were centnfiigod down and dissolved 
in a little dilute acid before adding the colour loagents and in an experiment 
in which we took 0 1 mg inorganic P m each of three tubes we found the 
following results on analysis 

Direct estimation 0 160 mg P 

After precipitation with banum at 9 0 140 mg P 

After precipitation with calcium at pW 9 0 098 mg P 

We accordingly adopted the method of precipitating the phosphate from 
our samples by neutrabzmg with soda to pH 9 and addmg the calcium 
reagentof Fiske and Subbarow spinning down the precipitate anddissolvmg 
it m dilute acid before adding the colour reagents e suppose that calcium 
owes its usefulness here to the fact that banum molybdate is insoluble 
and cames down banum silicoraolybdate with it even if the solubibty 
product of the latter is not exceeded whereas calcium molybdate and 
sihcomolybdate both appear to be soluble in alkahne solutions (pH 9) 

On repeating the previous expenment with precautions to prevent 
interference by sibcate we obtamed the results shown m the curves of 
figs 1 and 2 In both cases the curve found m the ^ i esence of molybdate 
was of sigmoid form the inhibition which was marked at hrst appearing 
to pass off m the course of time We can at present suggest no reason 
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to account for this, but the fact does serve to emphasize the behef that the 
molybdate effect is complex and deserving of special study 
Assuming that both sets of curves are approximately exponential for the 
first halt of the hydrolysis we calculated the following velocity constants 




Fi&s 1 and 2 — Hydrolysis of arginme phosphate synthesized by Sphaerechinua 
muscle, 28° C and N/lOHCl, in presence of 0 25%amm molybdate 
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which serve to give some kind of numerical value for the retardation 
factor 

Without With Retardation 

molybdate molybdate factor 


Curves I and II 6 6 10 * 14 10~“ 4 

Curves III and IV 8 3 10 > 10 lO"’ 8 


There is excellent agreement between the two controls, and the value 
obtained for these agrees weU with those in the hterature for the hydiolysis 
of arginine phosphate in N/10 acid (see Baldwin, 1933 a) The small 
difference between the experiments mvolvmg molybdate may be attributed 
to the fact that the molybdate solution used m the first expenment 
(curve II) was neutralized to pH 7 before use whereas that used m the 
second case (curve IV) was a simple aqueous solution, and rather acid The 
rate oi hydrolysis of argimne phosphonc acid is greatly affected by the 
hydrogen ion concentration (Meyerhof and Lohmann 1928) The value of 
4-5 obtamed for the retardation factor is about the same as that found by 
Baldwm (1933 c) for Eledone phosphagen, which, as we have mentioned, 
must almost certainly be the argimne complex It is possible that the 
results obtained m experiments of tins kind may depend to some extent 
upon the sample of molybdate used, the fact that similar results were 
obtamed here and for Eledone lends weight to this idea, for the same sample 
of molybdate was used for both sets of experiments 
Reviewmg the evidence for the presence of argimne phosphonc acid in 
the jaw muscles of the Echinoidoa we may say (1) that as regards hydrolysis 
m acid solutions with and without molybdate, it behaves as would be 
expected were it argimne phosphonc acid — see Needliam and others (1932) , 
(11) that the compound synthesized by the extract from added argimne is 
hydrolysed in acid solution at the same rate as argimne phosphonc acid 
itself, this hydrolysis is considerably retarded by molybdate, the base sot 
free by the hydrolysis gives the 8akaguchi reaction and is rapidly and 
completely hydrolysed by mammahan arginase with the production of 
quantitative yields of urea, and (m) that the presence in the extrftcts of 
an enzyme capable of synthesizing argimne phosphonc acid from added 
argimne is presumably of biological sigmficance, since the tissues of 
echinoids do contam argimne (Arnold and Luck 1933 , Holtz and Fhielmaim 
1924) 


3 — Experiments with Holothubian Muscle 

The muscles of the Holothuroidea interested us for several reasons 
According to Meyerhof (1928) the longitudinal muscles of Hclothuria 
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tubvlosa, a species from which arginine has been isolated by Kutscher and 
Ackermann( 1931), contain arginine phosphoric acid only, while Needham and 
others (1932) came to the same conclusion with regard to Synapta xnhaerana 
Verjbinskaya, Borsuk and Kreps {1935) have studied the phosphagen of 
CucumarM frondoaa, and showed that it behaves m the usual way with 
respect to vanous physiological conditions of the muscle itself They claim, 
however, that the muscles of this species contam two phosphagens, ap 
parently the creatine and argmine compounds Unfortunately, we have 
not been able to see the original paper, which is only known to us through 
the abstracting journals 

These considerations give added interest to the phylogenetic aspect of 
the question, and made an examination of holuthunan tissue from the 
viewpoint of its enzyme systems the more important Furtheiinore, the 
muscles of the body wall of the Holothuroidea are unstnated, unlike the 
eclunoid jaw muscles, which are stnated, and we welcomed the opportumty 
of studymg a muscle ol this type 

Extracts were made from the mixed circular and longitudinal muscles 
of large specimens of Holothuna tvbuloaa, and expenments were t amed 
out with these preparations m the usual way 

Synthesis of Phosphagen 

Exp 8 — ^This experiment was designed to test the possibihty that 
creatme phosphonc and argmme phosphonc acids might both be synthesized 
by the extracts 2 c c of a 3 days old extract was used in each case with 
the addition of 1 2 mg phosphoglycenc acid P and 0 28 mg pyrophosphate 
P — see Table VIII Here again there is evidence for the presence of an 
active adenylpyrophosphataae, and the sjmthesis of phosphagen, though 
small even for the arginine compound, was perfectly defimte, and clearly 
absent in the creatine compound Larger yields were to be expected m 
extracts m which the adenylpyrophosphataae had been to some extent 
mactivated 

Table VIII 

mg creatine mg argmme mg 
phosphate phosphate inorganic 

Tube hubstrate added synthesized synthesized P found 

I 6 mg creatme 0 00 0 00 0 33 

II 10 mg argmme 0 00 0 04 0*33 

III - 0 00 0 00 0 22 

Exp 9— Here we used an extract which was 4 days old and had been 
dialysed for 10 hours 2 c c samples were used in the usual way and 
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moubated for 10 nun at 40“ C and jpH 7 8 Tube I received 6 mg creatme 
and the rest, with the exception of tube VIll, 10 mg argimne , 0 6 mg Mg 
was added to each sample except tube III The results are given m Table IX 


Tube 

mg phospho 
glyceno P 
added 

Table IX 

mg pyro 
phosphate P 
added 

mg adenyho 
acid P 

mg phosphagea 
P found 

I 

1 2 

0 28 

— 

0 000 

n 

1 2 

0 28 

— 

0 387 

ra 

1 2 

0 28 

— 

0 364 

IV 

1 2 

— 

0 14 

0 308 

V 

1 2 

— 

— 

0000 

VI 

— 

0 28 

— 

0 012 

vn 

— 

— 

— 

Trace 

vni 

1 2 

0 28 

— 

0 000 


Again there was no synthesis of creatme phosphoric acid, although the 
argimne compound was formed in considerable amounts provided that 
phosphoglycenc acid was present together with adenylpyrophosphate or 
adenylic acid As with sea urchm muscle, the replacement of adenyl 
pyrophosphate by adenyhc acid made httle difference to the amount of 
phosphagen synthesized, and we found at the end of the experiment that 
0 12 mg of pyrophosphate P had been formed corresponding to the 
phosphorylation of rather more than 40 % of the adenyhc acid originally 
added No phosphagen at all was synthesized m the presence of phospho 
glyceno acid alone, nor m the presence of phosphoglycenc acid and 
swienylpyrophosphate if argimne itself was absent A trace of phosphagen 
was synthesized when only adenylpyrophosphate was added presumably 
by direct reaction with arginme 

That argimne phosphonc acid alone should be synthesized agrees with 
the earher analytical data of Meyerhof {1928) and of Needham and others 
(1932), but might be regarded as at variance with the results obtamed by 
Verjbmskaya and others (1935) on C‘acumar%aJrondoaa It would be thought 
a priori that ammals so closely related would possess the same phosphagens, 
but the possibihty of species specific differences does of course, exist 

The present case is mteresting firom another pomt of view smoe so far 
as we know, these coupled reactions have not previously been studied in 
unstnated muscle 

We were able to demonstrate the production of pyruvic swid from 
phosphoglycenc acid in extracts which had been allowed to act on that 
compound m the presence of adenylpyrophosphate both the 2 4 dmitro 
phenylhydrazme and the mtroprusside tests givmg positive results 
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4 — ExPBEIMBNTS on THB DKTMBtmON OB Phosphaobn 
If we leave aside the anomalous result of Verjbinskaya and others (1935) 
for C frondoea, the data so far obtained for the distribution of phosphagen 
among the Echmodermata may be summarized by saymg that all three 
of the classes so far exammed (Asteroidea, Holothuroidea, Echmoidea) 
contain argmme phosphonc acid but only the Echmoidea contam creatme 
phosphoric acid Reviews of the data have recently been given by Baldwin 
(1933 ®) by Kutsoher and Ackermann (1933) and the foregomg expen 
ments confirm these general conclusions But two important classes of 
Echmodermata have never been exammed till recently, namely the 
Cnnoidea (feather stars) which are behoved to be the most pnmitive 
echmoderm type and the Ophiuroidea (brittle stars) We are mdebted to 
Mrs P Baldwin for permission to use her observations on Ophtoderma 
longtcauda and Antedm, medtterranea both of which are common near 
Tamans Details of the expenments will be published later As might 
perhaps have been expected, Antedm, a cnnoid, proved to contam argmme 
phosphonc acid, but no creatme phosphate was found Ophxoderma, on 
the other hand proved to contam only creatme phosphonc acid, and the 
argmme compound was not detected Superficially, the Ophiuroidea 
resemble the Asteroidea fairly closely, but there is now clear chemical 
evidence that the two groups are widely different 


Table X 


Phylum and class 
Moat mvertobrate phyla 
Echmodermata 
Cnnoidea 
Asteroidea 
Holothuroidea 
Echmoidea 
Ophiuroidea 
Protochordata 
Tunicata 
Enteropneuata 
Ceplialochorda 
Vertebrata all classes 


Argmme 

phosphate 


Creatme 

phosphatt 


For the sake of convemence the distribution of phosphagen among the 
Echmodermata is summanzed m Table X, together with that m some 
other forms which are of mterest for our argument According to the 
theory of Bateson, the Vertebrata descended from ancestors related to the 



Biochemtstry of Muscular Tissues 217 

Eohuodennata through some pnmitiTe sort of enteropneust, and so far 
as our knowledge of the distribution of phosphagen goes it offers support 
of a chemical kmd for this point of view In the present state of our 
knowledge, it can hardly be affirmed that the Echinodermata were the 
only mvertebrates m which the production of creatine phosphoric acid 
was possible, but we have now a fair body of evidence to show that it was 
only among the Echmodennata that this potentiahty was ever reahzed 
(see Needham and Needham 1932, Baldwin 1933 o) The fact that the 
Echinoidea and the Entcropneusta are the only hving forms known to 
contain both phosphagens might be thought to suggest that, of all the 
Echmodermata, the Echinoidea are the must closely related to the Entero 
pneusta, and therefore to the Vertebrata But the modem Ophiuroidea 
contain only creatine phosphoric acid Are we to suppose that at some 
time in their history they possessed both phosphagens and that one of 
these has smce been lost, or that the primitive argimne compound has 
been replaced by the creatme compound m a single mutation ’ It seems 
likely on the whole that the former is the more probable of the two alter 
natives The Echmoidea, and possibly certain Holothuroidea are the 
only echmoderms which contam both phosphagens to day but at 
some time the Ophiuroidea must probably have passed through the same 
stage 

There is thus no evidence to show from which echinoderm stock the 
Enteropneusta branched off, but it is perhaps safe to conclude that they 
must have ansen from either the Echmoidea or the Ophiuroidea, smce the 
other types do not appear to contam creatine phosphoric acid The Holo 
thuroidea need further study, Cucumarta frondosa appears to contam both 
kmds of phosphagen, but Ilolothuria tvbulosa does not synthesize creatme 
phosphoric acid even when creatme is put at its disposal The general 
conclusion that argmme phosphoric acid is the more pnimtive of the two 
phosphagens is borne out by our knowledge of the relative distnbutions 
of the two compounds, and among the Echmoidea is particularly emphasized 
by the fact that it appears very early m the developmg embryo, creatme 
phosphoric acid appearing later on It would bo interestmg to study the 
developmg embryos of some ophiuroid species in order to see whether 
evidence might be obtamable for a recapitulation ot the past chemical 
history of this mterestmg class 

An mvestigation of the distribution of enzymes capable of phosphorylatmg 
adenyhc acid nught also yield mterestmg results Possibly the similarity 
noticed m this work between extracts of echmoderm and vertebrate muscles 
IS sigmficant m this connexion Agam, vertebrate extracts differ from those 
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of crab and octopus m containmg an active adenybc deaminase (Lohmann 
1935, 1936) and work on the distnbution of this enzyme should also be 
undertaken 

The authors wish to take this opportunity of thankmg Professor H 
Cardot, the Director of the Tamans Station, for his generous welcome and 
mterest They are also mdebted to Mrs P Baldwm for invaluable assist- 
ance, and to the Rockefeller Foundation for a grant, made through 
Dr J Needham, which defrayed part of the expenses mcurred m oarrymg 
out the work 


SUMMABy 

1 Extracts of the electrical organ of Torpedo contain enzymes which 
can bnng about the transier of phosphate from phosphoglycenc acid to 
creatme Ihis is interesting in view of the ongm of the electrical organ 
from pre muscular rudiments m the embryo Ihe experimental evidence 
shows that the senes of reactions involved is the same as m vertebrate 
muscle, and that adenylic acid acts as a earner of phosphate 

2 ExtrfWJts of echmoid muscle contain enzymes capable of bringing 
about the synthesis of both argimne and creatme phosphonc acids by the 
usual senes of reactions This fact accords with the previous finding of 
both phosphagens m eclunuid muscle 

3 Extracts of the unstnated muscle of a holothunan can synthesize 
argimne phosphonc acid but not creatme phosphonc acid Only argimne 
phosphonc acid is found to be present in this muscle 

4 Extracts of echmoid and holothunan muscle readily bnng about the 
transfer of phosphate from phosphopyruvic acid to adenybc acid In this 
they resemble extracts of vertebrate muscles and show a quantitative 
difference from the extracts of the mvertebrate muscles (crab, octopus) 
hitherto studied The latter can rapidly phosphorylate adenosme diphos 
phate but their action on adenylic acid is slow 

5 The investigation of the distnbution of phosphagen in the Echino 
dermata was extended to include the Cnnoidea and the Ophiuroidea In 
the former only argimne phosphate and m the latter only creatme 
phosphate, was found The beanng of this upon the theory of the evolution 
of the vertebrates from some echmoderm type through some pnmitive 
enteropneust type is discussed in the text 
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The Foveal Light Adaptation Process 
ByW D Wbioht DSo arcs DIC 
Lecturer %n Phyncs Imperial College of Science and Technology 
{Communicated by Sir John Parsons FR S — Received 28 October 1936) 
Introduction 

Thw paper is the continuation of one written by the author in 1 934 in 
which the results of binocular measurements of adaptation phenomena 
were reported In the method of observation used a patch of light seen 
in the right eye was compared with a second patch observed in the left 
eye the right eye was then subjected to a penod of light adaptation while 
the left was maintained in a state of constant (dark) adaptation after 
which the two patches were compared again The left eye was thus used 
as a reference standard against which changes induced in the right eye 
could be measured The author s trichromatic colonmeter (Wnght 1929) 
was used in the experiments and it was arranged so that the test patch 
(the right eye) could be illuminated by any selected monochromatic radia 
tion while in the left eye a mixture of the three instrument pnmanes was 
viewed and these could be controlled to produce a match both in colour 
and intensity between the two patches 
A further senes of observations has now been made and is reported here 
Some of the earlier experiments have been repeated and a great many new 
observations have been made but in all the work some important improve 
ments in the method of observation have led to a greatly mcreased 
accuracy and significance in the results and have added materially to the 
information that can be obtained by this method of experiment 

After a penod of light adaptation the eye recovers rapidly in sensitivity 
once the adapting radiation has been removed In many respects the most 
interestmg characteristic is the state of sensitivity of the eye immediately 
the adaptation has ceased In the earlier experiments the adaptation was 
oamod out by directing the nght eye down an auxiliary telescope and at 
the end of the allotted time the observer moved his head over to the two 
observing telescopes of the colorimeter and proceeded to make a senes of 
matches as rapidly as possible to determme the course and rate of the 
[ 220 ] 
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recovery process The sensitivity at the termination of the adaptation had 
then to be found by a process of extrapolation backwards Sometimes it 
was possible to record an observation withm the first 6 or 10 sec but the 
rebability of the measurement was not good frequently the next observa 
tion was not recorded until 40 or 50 sec had elapsed from the time adapts 
tion ceased Hence the information available of the course of the first 
minute of recovery was very meagre and a good deal of uncertainty 
existed in the extrapolated value for the initial sensitivity and in the shape 
of the early part of the recovery curve If reference is made to the earlier 
paper it can be seen that the observations were more numerous and more 
consistent in those experiments in which white adaptations were used than 



Fig 1 — Optical system used to view the tost | alch and the a laptation ra Irntion in 
the right eye and the mixture of the three colorimeter pnmanes in tlie left eyi 

in the cases whore the eye was subjected to a coloured stimulation This 
was probably due to the different methods then employed for obtaining 
the white and monochromatic adaptations and also to the greater difficulty 
that IS experienced in recording the observations after coloured adaptations 
due to the fact that changes m both intensity and colour sensitivity have 
to be compensated during the recovery process 

In order to make more extensive and reliable observations especially 
for coloured adaptations it was essential to try to devise a method by 
which the sensitivity immediately at the end of the light adaptation could 
be determmed directly This was achieved by using the arrangement first 
employed when determinmg the effect of adaptation on intensity dis 
crimination (Wright 1935) 
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The system is illustrated m fig 1, whioh shows the two beams 1 and 2 
as they emerge from the colorimeter the light being brought to a focus at 
Ey and to he observed by the left and right eyes respectively Beam 1 
comprises the mixture of the three instrument primaries, while beam 2 is 
the monochromatic test patch The adaptmg patch is derived from a 
pointolite lamp S after colhmation the light is reflected by a mirror M 
into the lens Oy and is finally viewed by the right eye at E^ When the 
mirror is in the position M the right eye sees the lens Oj filled with light , 
but if the mirror is rotated to the adapting light disappears and beam 2 

IS seen in its place 

As the left eyi should be in a state of dark adaptation to make an 
accurate comparison an arm carrying a vertical shutter N was fixed to 
the mounting of the mirror When the mirror is in the position M, the 
shutter is at N and obstructs beam 1 When the mirror is rotated to M'^ 
to reveal beam 2 the shutter moves to to reveal beam 1 The two beams 
are thus seen simultaneously and rapidly compared after which the right 
eye continues its light and the left eye its dark, adaptation 

With this apparatus it was possible to determine the sensitivity of the 
right eye in its actual light adapted state before any appreciable recovery 
had sot in If the first comparison wore unsatisfactory as it almost always 
was the adaptation was continued the primaries were adjusted in the 
appropriate direction and after a period of about 10 sec the beams were 
compared again This was continued until a satisfactory match between the 
left and right eyes was obtamed It was found that the patches could be 
viewed for about 1 sec in eveiy 10 sec without affecting the state of 
adaptation to any noticeable extent 

While this method of observation represented the mam improvement 
between the present observations and those obtained earlier, another 
important modification was the use of a dental fixation to locate the 
observer’s head in a fixed and accurately centred position relative to the 
exit pupils of the colorimeter Stiles and Crawford (1933) have shown that 
the apparent brightness of a beam of light stnkmg the retma is very 
considerably affected by the part of the pupil of the eye through which the 
beam passes If an accurate comparison between successive experiments 
IS to be made, and if consistent settings m any given observation are to be 
obtained it is very important that the same part of the pupil should be 
used throughout the experiments the obvious part of the pupil to choose 
being, of course, the centre This condition was obtamed by embeddmg 
a brass plate m Stent’s Impression Composition and making a dental 
impression for the observer Ihe plate was then fixed to the apparatus and 
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the observer could bite on the plate to fix his head relative to the colon 
meter The adjustments on the exit pupils were used to secure the necessary 
oentenng between the eye and instrument pupils 

Due to these alterations it has been possible to make a useful extension 
to the previous set of observations The main problem to be attacked has 
been the extent by which the sensitivity of the eye is depressed as the 
mtensity of the adaptation radiation is varied the nature of the recovery 
curves under these circumstances and in particular the variation of these 
functions when coloured adaptations are used instead of white The 
evidence obtained seems to have a very direct bearing on our knowledge 
of the retinal light sensitive process and on its relation to the triple 
subdivision responsible for our sensation of colour 


Expeeimental Details 

The general character of the experiment was the same as described m 
the first paper and only a brief description need be given here For 
further details the earlier paper should be referred to 

With the exception of the experiment in which the effect of varymg the 
size of the adapting field was investigated the angular subtense of the 
adaptation patch was about 6° The two test patches each subtended 
about 1x2 In all cases the time of adaptation was 3 mm this time has 
been found sufficient to produce a reasonably steady adaptation level 
extension of the period causing no material change m the sensitivity 
Before »any observations were recorded a period of 30 min dark adapta 
tion was allowed and the left eye was maintained in its state of dark 
adaptation throughout the senes of observations 

Both the initial observation made before the eye was light adapted and 
that made immediately after the light adaptation to detenmne the sensi 
tivity level before recovery set in were repeated three times If the 
recovery curve was also to be measured it was determmed after the third 
observation had been made For this purpose the adapting field was swung 
permanently out of the way and the companson patches in the two eyes 
observed continuously Matches were made as rapidly as possible and the 
time at which the observation was made as indicated by a stopwatch and 
the readmgs on the instrument scales were noted by a second experimenter 
operating the apparatus When time permitted the whole experiment was 
then repeated Occasionally one set of observations would have to be 
discarded as bemg too erratic Sometimes for example an accidentally 
high observation might be made and although the observer was imme 
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diately aware that it was wrong it might be very difficult to refram from 
recording the succeeding pomts at a similar high level In the heat of the 
moment when seconds were precious it might be very difficult to make the 
conscious effort required to bring the observations down to the proper level 
The readings as first recorded were the scale readings of the colonmeter 
which give the amounts of the three instrument primaries the red green 
and blue required in the match The units in which these were measured 
were the same as before but are repeated here for reference The amounts 
of red (r wave length 0 65 /t) and green {g wave length 0 63 /i) required 
in a match of a monochromatic yellow of wave length 0 6826 n are taken 
as equal and the amounts of blue (6 wave length 0 46 /i) and green 
{g 0 63^) required in a match of 0 4040/1 are similarly adjusted to be 
equal This method of obtaining the units and its advantages for visual 
research have already been described by the author (Wnght 1929) The 
relative brightness of umt quantities of the three pnmaries for the author s 
eye are as follows 

4 (0 66/1) = 0 648 
Lg (0 53/1) = 1 000 
4 (0 46/1) = 0 061 

Any set of observations can thus be transformed into luminosity values 
if desired In all cases the results are recorded on the above system but 
the method only defines the relative magnitudes ofrg and b Their actual 
magmtudes as given in the tables below are arbitrary in the sense that they 
depend on the filter in the apparatus at the time the calibration curve in 
use and so on 1 he absolute retinal intensity of the test colour is also given 
and 18 expressed in photons 

The adaptation radiation when derived direct from the pomtolite lamp 
had a colour temperature between 2800 and 2000° K Its intensity and 
colour could be controlled by sectors at T and filters at F (fig 1 ) A dav 
light filter to raise the colour to about 4800° K was available and four 
Ilford spectral filters a red yellow green and blue were used to provide 
coloured adaptations The relative energy transmissions of these filters are 
shown in fig 2 The adaptations as subsequently specified refer to these 
filters The intensities used are also specified in photons 

bo far observations have only been made by the author but the results 
given here represent only a fraction of the total number of his observations 
smee in most cases several sets of confirmatory experiments were made 
The general agreement has usually been good although the nature of the 
experiment is such that an accuracy greater than 10 or 20% can hardly 
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be expected There are three possible sources of variation in the results 
that due to unavoidable errors of observation and experiment that due 
to unsuspected changes m intensity level in the apparatus and that due 
to actual changes in the sensitivity of the physiological mechanism from 
day to day The first of these was to a large extent countered by repetition 
of the experiment the second could be, and to a large extent was either 



Wave length 


Fig 2 — Relative energy transmission of the Ilford spectral filters used m the 
adapting beam 



Fig 3 — Diagram to illustrate the degree of reproducibility of the results (The dots 
and crosses represent observations taken on separate occasions several days or weeks 
apiart ) 

I Red recovery curve after 2200 photon white adaptation 

II Red recovery curve after 2000 photon red adaptation 

III Rod recovery curve after 0000 photon green adaptation 

IV Blue recovery curve after 4800 photon white adoptation 

avoided or allowed for, but in a compheated insti ument of the kind used 
it presents considerable difficulty to reproduce exactly the same intensities 
from day to day, or month to month In all cases where accurate mtensity 
relations were involved, these were tested in one senes of experiments m 
one observmg session A similar senes to test out the same relation would 
be repeated on another day, and although it might happen that the general 
level of the results had changed, the same relation among each senes of 
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results would be found to hold Such measurements also moluded the 
effect of the third source of variation the visual mechanism itself The 
value of the results would obviously be greatly impaired if one type of 
curve were to be found on one day and a different type on some subsequent 
occasion This however was not the case the general character of the 
curves was repeated very satisfactorily as illustrated in fig 3 Here the 
recovery curves for four different kinds of experiment are illustrated in 
each case two curves are shown corresponding to repeat experiments using 
similar adaptation and test colour intensities The implications of the 
various shapes of curve are discussed in the next section the point to be 
noticed here is the similarity in character of the repeat experiments and 
the appreciable but not important difference in actual magnitude of the 
abscissae 


Results and Discussion 

Symbols — In describing the results the following symbols have been 
used to indicate the adaptation radiation and test colour 
A retmal intensity of adaptation radiation 
o retmal intensity of test colour 

Oj apparent retinal intensity of test colour durmg the course of recovery 
from the adaptation and at time t (in seconds) after tin termination of 
adaptation 

r g b relative magnitude of red gieen and blue components of test 
colour before adaptation 

r, g, b, relative magnitudes of red green and blue components of test 
colour at time t after the termination of adaptation 

The sensitivity of the visual mechanism immediately after the light 
adaptation has ceased will be indicated by Oq or by b^ whichever 

happens to have been measured The r„ g^ bg values were generally 
measured only when an appreciable colour change was induced m the test 
colour in the other cases Oq gives all the information required 

4800° K adap(ahon—The red and green recovery curves obtained with 
a yellow test colour and various intensities of a 4800° K adaptation are 
shown m fig 4 

These curves agree in a very satisfactory manner with those obtained 
previously It appears that the linear nature of the recovery does hold 
m this case from 1=^0 with the exception of the final red curve which 
shows the same type of non linearity found before at high intensities of 
adaptation This non linearity was shown to be due to a radical change in 
the nature of the visual processes and has been the subject of a further 
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Flo 4 — Red and green recovery curves for 0 68 ^ teat colour, intensity 700 photons, 
r = 3 = 220, using 4800’ K adaptation Adaptation intensity m photons I 1200, 
II 2400, III 4800, IV B600 


TABLh I 

Adaptation Radtalton — White, 4800° K 
Test colour — 0 68 p, 700 photons 


A (photons) Oo (photons) A 

1880 106 0 19 7x 10* 

3760 62 0 19 6 X 10* 

7620 31 4 23 6 X 10* 

16040 16 0 22 6 X 10* 


Table II 

Adaptation Radiation — White, 4800° K 
Test colour — 0 68 p, 260 photons 
A (photons) Oq (photons) A 

1060 39 0 41 2 X 10* 

1610 29 9 46 2x 10* 

1940 24 6 47 7 X 10* 

2420 19 3 46 7 X 10* 

3240 14 6 47 0x 10* 

4860 11 6 66 0x 10* 

8090 4 9 39 6 X 10* 

I 64 19 9 X 10* 


12900 
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analysis elsewhere (Wnght 1936) In the present paper the work has been 
largely confined to intensities below 10 000 photons 

In Table I the values of Oq for the same expenment and the product 
A Og are tabulated It will be seen that as before this product is constant 
withm the limits of accuracy of the expenment A further set of results 
for a similar experiment is given in Table II again with the exception 
of the final value the product is reasonably constant It was shown pre 
viously (Wright 1934) that the constancy of this product expresses the 
fact that the eye tends to adapt itself to a constant response level and it 



Fio 6 — Relation between threshold intensity and adaptation level as measured by 
Nuttmg (Dotted cur\ represents i rough attempt by the authoi to allow for 
the variation of pupil diameter with ailaptation mtonsity ) 

was pointed out that this merely venfies a famihar everyday expenence 
in that for example we are not conscious of any marked difference m 
intensity level between the artificial illumination of a room at night and 
the illummation of the same room in the day when we have once become 
adapted to the particular level A sinular result had in effect beenobtamed 
by Nutting (1920) He determined the threshold intensity when the eye 
was subjected to a very wide range of adaptation levels with the results 
illustrated m fig 5 In this diagram the threshold mtensity has been 
plotted against the adaptation mtensity usmg a logarithmic scale for both 
abscissae The diagram seems to consist of two straight portions the upper 
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part having a elope very close to 46“ On this portion an increase in 
adaptation intensity necessitates a proportional increase m the threshold 
intensity the adaptation intensity is thus a constant multiple of the 
threshold intensity so that assuming the threshold sensation has a con 
stant magnitude the adaptation sensation should also be constant in 
agreement with our results 

This Iff vtry satisfactory conhrmatioii provided the intensity ranges in 
the two cases are the same An accurate comparison is impossible because 
Nuttmg does not give his results in terms of retinal intensities If we assume 
a diameter of 2 ram for his iris at the high adaptation intensities then 
1 nullilambert gives a retinal intensity of about 30 photons Our results 
thus fall on the lower half of the 46° poition of Nutting s curve Moreover 
as the pupil diameter varies with the adaptation level the lower adaptation 
intensities should be increased relative to the higher intensities m the 
extreme cases by as much as a factor of 10 A rough attempt has been 
made to allow for the effect of this pupil vanation as shown by the dotted 
curve of fig 5 and in this curve the proportionality between threshold 
and adaptation intensities extends over a much wider range Some devia 
tion IS to be expected at low adaptations partly because of the finite 
magnitude of the threshold and partly because of the incursion of the dark 
adaptation process which is certainly different from the light adaptation 
process that we have measured 

The most obvious mechanism by which this constant adaptation level 
might be produced is that suggested before and supported by the linear 
recovery curves namely that there is m the retina a reversible photo 
chemical product which is regenerated at a constant velocity One can 
hazard a guess that the supply of oxygen to the retina at a constant rate 
18 the controlling factor but this has still to be demonstrated 

The evidence for these conclusions has been derived so far as our results 
are concerned from the effect of a white adaptation on the red and green 
responses A very strikmg difference is found in the case of thu blue 
response 

Table III gives the Uq values when usmg a 4800° K adaptation with a 
0 46/i test colour It can be seen that the A Oq product instead of being 
constant mcreases m a very definite manner Also the recovery curves 
illustrated in fig 0 are non Imear with the exception of the first Not only 
are they non Imear but their shape is quite different from any of the curves 
found previously after high intensity adaptations and from the non linear 
red and green curves that result from coloured adaptations as described 
later 
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It was at first thought that this phenomenon was associated with the 
positive blue found before (Wnght 1934) when using, for example, a 
yellow adaptation and a yellow test colour This positive blue was believed 
to be an after image effect and it seemed hkely that the new phenomenon 
just descnbed had a similar origin Further tests were first made on the 

Tablb III 


Adaptation RaduUton — WhUe, ■#800° K 
Tost colour — 0 46 p, 30 photons 


A (photons) 
300 
000 
1200 
1800 
3000 
4800 
7200 
14400 


a, (photons) 
42 
1 84 
1 74 
1 66 
1 26 
1 04 
0 77 
0 66 


A Oo 
1 64 X 10* 

1 66 X 10» 

2 09 X 10* 

2 99 X 10* 

3 78x 10* 
6 00 X 10* 
66 xlO* 
80 xlO* 



Fig 6 — Blue recovery curves for 0 46p. test colour, intensity 10 6 photons, 6= 720, 
using 4800° K adaptation Adaptation intensity in photons I 260 II 600, 
III 1200, IV 2400 


positive blue to venfy that it was a superposed after image If this were 
the case the magnitude of the blue should remain unchanged as the 
intensity of the test colour was varied , if it were due to a genume alteration 
m the sensitivity of the blue response, then its value should be directly 
proportional to the test colour intensity Results of one such test are given 
m Table IV The r^, g^, and values are tabulated when usmg a yellow 
adaptation and three intensities of a 0 68 /< test colour It will be seen 
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that the value remains praotioally constant as a is varied whereas the 
and values vary proportionately to a We can therefore conclude that 
this positive blue is an after image effect which while bemg an mterestmg 
and important subject for investigation has not for the present been the 
subject of any further inquiry 


Table IV 




Adaptation Rad at 

on — YMow 




Test colour — 0 68 p 

1200 photons r g h 

0 


(photons) 

*•0 

ffo 

K 

♦-0“ 


hoja 

120 

16 1 

23 4 

82 8 

0 134 

0 196 

0 69 

240 

26 0 

40 7 

90 0 

0 104 

0 170 

0 376 

480 

61 5 

95 1 

96 6 

0 127 

0 198 

0 201 


A similar test was then made with a blue (0 46/i) test colour with the 
results given in Table V In this case the value of Op is roughly proportional 
to the test colour mtensity There is if anything a slight tendency for the 
fraction to increase but only to an extent of the same order as the possible 
observational error There is certainly no evidence whatever that after 
images have affected the results when using a blue test colour 

Table V 

Adaptation Radiation — 1 eUow 
Test colour — 0 46 p 1200 pi otons 


a (photons) Og (pi otons) a, a 

2 4 0 114 0 047 

4 7 0 282 0 060 

7 6 0 396 0 063 

16 0 0 816 0 064 

30 0 1 87 0 062 

60 0 4 07 0 068 


One further test was made to determine the cause of the increase in the 
A Uq product for the blue It is shown later that when usmg say a red 
adaptation the red component of a yellow test colour is reduced proper 
tionately as the adaptation intensity is increased that is A is constant 
but A go increases with the same adaptation With a green adaptation 
A go 18 found to be constant although A increases It wets therefore 
thought possible that the increase of A bo might be due to the white 
adaptation not bemg of a sufficiently blue colour If A Ug were only 
constant for a strictly neutral adaptation it might be that the 4800° K 
radiation was still somewhat too yellow This explanation was tested by 


Vol CXXIl— B 



232 


W. D. Wright 


repeating the observations using a blue adaptation The results of this 
expemnent are given in Table VI Again, the product A bg shows a marked 
increase as A increases 

Table VI 


A (photons) 
40 
80 
160 
626 
1600 


AdapUUion RadteUtan — Blue 
Test colour — 0 46 p, 20 photons 

K A bg 

306 1 22 X 10* 

136 1 09x 10* 

92 7 1 39 X 10* 

71 9 4 49x 10* 

44 6 6 7 X 10* 


This accumulated evidence points very strongly to the conclusion that 
the blue receptor and adaptation mechanism is a different and distmct 
process from those of the red and green In the previous paper, the results 
obtamed by vaiying the wave length of the adaptation had led the author 
to suggest that the blue process was in some way distinctive from the red 
and green The facts of colour blindness are also strongly suggestive of the 
same conclusion Abnormalities of colour vision are almost entirely con- 
fined to the red yellow green portion of the spectrum The occurrence of 
so called blue blindness or tritanopia is very rare and its nature doubtful 

If there is this distinctive characteristic about the blue, what is its 
nature? Some indication is given by the recovery curves of fig 6, taken in 
conjunction with the increase of A bg The rate of recovery as shown by 
the mitial slope of the recovery curves at < = 0 is greater in curves II, III, 
and IV of fig 6 than it would have been if all the curves had been linear 
and parallel to I 

Now the amount of decomposition of the hypothetical photochemical 
substance that will take place m order to produce a balance between 
decomposition and regeneration will be less the more rapid the rate of 
recovery, that is, we should expect from curves II, III, and IV that the 
sensitivity would be reduced to a smaller extent than if the recovery curves 
had been Imear and parallel to I This is in accordance with the increasing 
value of A Ug It appears, therefore, that the fundamental distmction 
between the blue response and the red and green responses is that in the 
former the rate of recovery is dependent on the concentration of its photo- 
chemical material, while in the latter it is independent This is further borne 
out by the actual shapes of the curves The rate of regeneration of a chemical 
substance is given by 
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where n is the concentration of the n products taking part m the reaction 
and A IS a constant For a monomolecular reaction n = 1 , for a bimolecular 
reaction w = 2, and so on The curve relating x and t is then 

and since x is the concentration of the decomposed products of the light 
sensitive material, the concentration Y of the reformed material will be 
Y = X-x, 

where X is a constant The relation between Y and t should then correspond 
to the recovery curves as measured by us Curves II, III, and IV are of 
the general type that would be given by the above equations if a = 1 or 2 



Fig 7 — Rod and green recovery curves for 0 61 /x tost colour, intensity 1 100 photons, 
r=:610 5? =126, using red adaptation Adaptation mtonsity m photons I 900, 
II 1800, III 3600, IV 7200 


There is thus some evidence for thinking that the blue response could 
be accounted for by a monomolecular or bimolecular photochemical reaction 
The evidence is not conclusive because, for example, the hrst recovery 
curve of fig 6 is Imear On the other hand, there is no evidence at all that 
the red and green processes ever follow such a course Here, then, we have 
some obviously incomplete but very suggestive evidence that may serve 
to differentiate the blue response from the red and green 

Red Adaptation — In fig 7 the rod and green recovery curves are given as 
obtained with an orange test colour and various intensities of red adapta 
tion The green curves are bnear as with the 4800° K adaptation, but the 
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red recovery shows a very marked curvature becoming more noticeable 
with increasing adaptation intensities This curvature had been missed m 
the previous work owmg to the absence of a pomt at t « 0 and to the un 
certainty and paucity of the observations during the first 60 or 60 sec 
The first pomt that should be noted is that the red curves are very 
different from the blue curves of fig 6 and there is no possibihty of 
analysmg them as a monomolecular or bimolecular reaction, smoe their 
curvature is m the wrong direction The next important pomt is that the 
A Tq values tend to be more or less constant, while the A gg product 
increases with increasing adaptations This is shown m Table VII, m which 
the Tg and gg values are tabulated for an experiment similar to that of 
fig 7, with a red adaptation and orange test colour The constancy of the 
A Tg values is the more remarkable m that it is the red curves that are 
non Imear , we should rather have anticipated that the Imear green curves 
would have yielded a constant A gg product 

Tablk VII 

Adaptation Radiation — Red 
Test colour — 0 61 p, 200 photons r = 668 g= 137 
A (photons) r, A tg A g^ 

190 178 160 3 38x 10* 2 86x 10* 

280 162 140 4 26x10* 3 92x 10* 

390 92 7 109 3 61 x 10* 4 25 x 10* 

720 36 2 63 6 2 60x10* 3 86x 10* 

1200 24 3 38 4 2 91 x 10* 4 60 x 10* 

1800 16 9 30 1 3 04x10* 6 41x 10* 

2400 14 6 26 6 3 48x 10* 6 12x 10* 

3600 9 1 20 6 3 28x 10* 7 41 x 10* 

4800 0 8 16 0 3 26x 10* 7 97x 10* 

7200 6 1 12 7 3 67x 10* 9 16x 10* 

The first deduction that can be made from these results is that the red 
and green processes are m some way interlocked and associated with one 
another or with some common visual process Supposmg, for example 
that the red and green responses each had their own separate nerve endings 
m the retma, contaming separate photochemical materials, or with the 
same light sensitive material but different colour filters m each cone, then 
although a red adaptation would affect the red nerve endmgs more than 
the green, the chemical processes would only differ m degree from those 
occurring with white adaptations Thus, the recovery curve obtained if 
the red sensitivity were reduced by white adaptation to, say, one thirtieth 
of its pre adaptation value, should be identical with that obtamed for the 
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same sensitivity reduction when produced by red adaptation The evidence 
we have is exactly the reverse, so that it appears certain that any theory 
involving completely separate nerve endings and response paths for the 
red and green must be to some extent erroneous 

We can see no obvious mterpretation of the data at the moment There 
may be two processes mvolved, one responsible for the restoration of the 
general sensitivity level, some kmd of luminosity function, and a second 
process in senes with the first, responsible for restormg the balance between 
the red and the green sensitivities Thus the lummosity process might 



t m sec 


Fia 8 — ^Rod and green recovery curves for 0 67 ft test colour mtensity 220 photons, 
r=70, g'=130, using green adaptation Adaptation intensity in photons I 760, 
II 1620, III 3040, IV 6080 

provide the constant and linear recovery curve, and the restoration of the 
red green balance might be responsible for the non Imear curves But this 
18 certainly an incomplete picture since it does not explam the Imeanty of 
the green curves nor the constancy of A with non hnear red recovery 
curves and vice versa for the green 

Oree.n AdaptatKm — In fig 8 the red and green recovery curves are given 
as obtamed with a yellow green test colour and various mtensities of green 
adaptation In this case there is less difference from the curves found with 
4800 ° K adaptation in fact, a small non Imeanty occurs only in curve IV 
and then in both red and green On the other hand, the and values 
show a similanty to that found with red adaptations, except that A is 
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now the more nearly constant product while A increases very con 
siderably This is demonstrated m Table VIII which gives the Tq and 
values for a green adaptation and a 0 66/4 test colour 

Table VIII 

Adaptation Radtatum — Oreen 
Teat colour — 0 56/x 660 photons r=300 g=679 
A (photons) A A g^, 

330 122 64 0 4 02 x 10* 2 14x 10* 

860 66 3 27 6 3 65 x 10* 1 82 x 10* 

1220 47 0 21 6 5 80x 10* 2 62x 10* 

2030 31 2 14 7 6 33 x 10* 2 98 x 10* 

3040 26 9 10 6 8 18x 10* 3 23x 10* 

4060 24 0 8 3 9 72x10* 3 36x10* 

6080 17 2 4 9 10 4 x 10* 2 97x 10* 

8100 16 4 3 7 13 3 X 10* 3 00x 10* 

12200 6 4 2 4 6 4 x 10* 2 93x10* 

The interpretation of the results is not made very much easier by this 
further information we have the similarity between the red and green 
adaptations in that the response suffering the greater reduction in sensi 
tmty 18 reduced in proportion as the adaptation is increased whereas the 
less depressed response suffers proportionately less reduction as the intensity 
of adaptation is raised Also the difference in the types of recovery curve 
with red and green adaptations provides a distinguishmg feature between 
the rod and green physiological processes We can claim to have observed 
characteristics that distinguish all three of the response mechanisms even 
though we do not know the nature of the physiological processes them 
selves 

Yellow Adaptation — In fig 9 the red and green recovery curves are given 
as obtained with a yellow test colour and vanous intensities of a yellow 
adaptation It is surprismg to find that none of the curves is linear They 
have all been drawn as if consistmg of two straight portions the points he 
best on a curve of this sort but the accuracy of observation is not suffi 
ciently high to decide for certam whether the points he on a very shallow 
curve or on the two lines as shown In the previous work the yellow 
adaptation had only been tested at 2000 photons and it is easy to see from 
curve II of fig 9 how without the initial observation at < — 0 the non 
hneanty would be missed The values of and g^ for the same experiment 
are given in Table IX and the A product is very accurately constant 
while the A g^ values show a shght increase This is probably due to the 
shghtly reddish nature of the adaptation radiation used 
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The mosfr important conclusion from these results is that there is a 
difference between the recovery curves for the 4800° K and for the yellow 
adaptation This presumably implies some interconnexion between the 
blue response and the other two responses in the same way that a con 
nexion between the red and green was established above The recovery of 
the yellow (if we consider the red and green together instead of separately) 



Fig 9 — Red and green recovery curves for 0 68 test colour, intensity 700 photons, 
r = g — 230, using yellow adaptation Adaptation intensity in photons I 900, 
n 1800, III 3600, IV 7200 

Table IX 


A (photons) 
900 
1800 
3600 
7200 


Adaptation Radiation — Yellow 
Test colour — 0 68 p, 700 photons r = 7 = 230 

A go 
3 26 X 10» 
3 6lxI0> 
3 81 X 10> 
3 96 X 10» 


ro 9o ^ '•0 

28 6 36 2 2 66 X 10» 

14 3 19 6 2 67xl0» 

6 9 10 6 2 48 X 10> 

3 6 6 6 2 69x 10® 


18 different according as the blue response is considerably depressed (as by 
the 4800° K radiation) or less depressed (as by the yellow) 

2900° K Adaptaticm — Several sets of observations were made with a 
2900° K adaptation but the results are not of any unusual interest to need 
recordmg here The recovery curves were m general Imear with a tendency 
in the red curves at high adaptations to follow the shape of those found 
usin g yellow adaptations The A products were gtnerallv constant, while 
the A values showed small increases duo to the slightly reddish colour 
of the adaptation 
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Blue Oreen Test Colour — Experiments usmg a blue-green test colour are 
more difficult than those already described because the test colour bes m 
a part of the colour tnangle that cannot be matched by a positive mixture 
of the usual mstrument primaries Some experiments have, however, been 
made by changing the pnmaries Thus in fig 10 the recovery curves are 
given for a blue green test colour when usmg a blue adaptation These 
curves were obtamed by using only two primaries, one at 0 49/i {b-g) and 
the other at 0 68 It was found that with these two primaries alone a 
very close match could be made of the appearance of the test colour dunng 



( m see 


Fig 10 — Blue groon recovery curve for 0 49/x test colour, intensity 70 photons, 
6-gr=220, using blue adaptation Adaptation intensity in photons I 80, II 190, 

m 1600 

the course of recovery Only the blue green curve is given as the amount 
of yellow introduced was small and rapidly becomes negligible as the 
mtensity of the blue green component mcreases It will be seen that the 
recovery curves are linear Also, although it was not thought necessary 
to tabulate these values, m addition to those of Table VI, the A product 
mcreased considerably with the higher adaptation 

In fig 11 the results found usmg three diilerent adaptations, agam with 
the blue green test colour, have been plotted With the green adaptation, 
blue-green, red, and blue pnmaries had to be used, but with the yellow 
and red adaptations, only blue green and blue were required The blue 
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green curves indicate the course of the mam recovery process and these 
curves for the green and yellow adaptations show normal Imear recovery 
In the case of the red the recovery is very much more rapid 
The curves for the other primaries mauily illustrate the recovery of the 
ongmal quahty of the test colour Although shown on a comparable scale 
to the blue green they are actually of a much smaller magmtude and less 
important The blue curve in II is mterestmg as it shows some abnormality 
in the recovery that has not yet been explamed The initial rise of the red 
m I and the blue m II and III is of interest as showing that the general 
intensity recovery occurs at a greater rate than the colour recovery 



Fio 11 — Recovery ourvos for 0 49/i test colour intensity 600 photons i)-{;=1000 
Adaptation radiations I green 4000 photons II yellow 4600 photons III red 
3700 photons (T1 e primaries use 1 in recording the recovery are shown on the 
diagrams ) 

Eventually these curves must fall to zero but before doing so they have 
nsen to a maximum 

It should be noted that a similar effect would have been apparent in 
say fig 7 if the results had been plotted differently Thus if the data had 
been recorded m terms of a yellow primary and a green primary as they 
could have been then the yellow curve would have shown a recovery 
similar m shape to the red curve of fig 7 while the green would have risen 
to a maximum and then fallen to zero as m the curves of fig 11 

Area of Adaptation Field — A further senes of expenments was made to 
determine the effect of varying the angular subtense of the adaptation 
field One portion of the retma is known to affect adjacent portions m 
certain aspects of vision in particular flicker discrimination abihty and 
contrast It is of importance to know whether the same applies to adapta 
tion phenomena A senes of five apertures were used to control the area 
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of the adaptation field and the experiment consisted m measuring the Ug 
values for a given test colour and adaptation intensity, when using each 
of the apertures in turn It was found that withm the errors of the experi 
ment, no difference was apparent This is illustrated m fig 12, which gives 
the ttg values as measured in three different experiments In each case the 
first two observations were discarded as it appeared that these usually gave 
slightly higher values than subsequent measurements whichever aperture 



Angular substance of adaptmg field 

Fio 12 — Apparent intensity of tost colour after adaptation, for varying size of 
adaptation field Test colour 0 66/x intensity 400 photons I = 320 II and 
III = 670 , 2900° K adaptation, intensit> 2600 photons I, II and III represent similar 
oxpemnents made on diffirent days 

were used first The apertures wore also used m various orders to counteract 
any possibility of a remanent effect of one aperture upsetting the next 
observation 

The results show that within the bmits tested the area of the adaptation 
field has no effect on the sensitivity It seems, therefore, that whatever 
retinal mechanism is responsible for the process of adaptation, its action 
IS confined to the particular area stimulated, involuntary movements of 
the eyes probably settmg the limit to the extent to which a given state of 
adaptation can be confined to any one part of the retma 
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Vartahon of Observer — One limitation in the work so far described is that 
all the observations have been confined to one person At this stage this 
IS inevitable but it will be a decided step forward if the mechanism of 
even one eye can be elucidated Nevertheless it is obviously important 
that similar experiments should be earned out with other observers 
A complete range of observations for as many persons as possible would be 
the ideal but the practical difficulties of time and practice in making the 
observations are likely to delay the attamment of such a goal In the 
meantime a new instrument a subjective photometer has been constructed 
a first model of which has been described by Wright and Nelson (1935) 
with this a simple type of adaptation experiment can be performed and 
the recovery curves for a number of observers using a white adaptation 
have been measured These results indicate that about half those tested 
have adaptation functions similar to the author s the remainder show 
considerable vanations of one sort and another It is proposed to confirm 
and extend these observations with an improved instrument before publi 
cation but sufficient data have already been collected to show the 
importance of making as wide a survey as possible so as to correlate the 
results with other physiological characteristics of the observer It is 
therefore to be hoped that other workers may find it possible to carry 
out a sunilar programme of research to accumulate as many data as 
possible 

Dark Adaptation and Light Adaptation — It will have been noticed that 
m general the recovery curves have not been measured for more than 
about 3 min At the end of this time the recovery usually appears to the 
observer to be complete and any further recovery that may take place 
does so at a very much reduced rate Actually about 30 min have to elapse 
before the origmal sensitivity is completely restored It has been assumed 
that m the first 3 mm the light adaptation process is at work whik m the 
next 36 mm a second mechanism the dark adaptation process is responsible 
for any developments It is difficult however to justify such a subcljvision 
conclusively although Hecht has produced a formidable array of evidence 
to demonstrate a clear distinction between the two processes (e g Hecht 
1935) There is no doubt that after 3 mm all the evints of interest have 
occurred and the oharacteristicsdistmguishing one observation from another 
all appear withm this period No question arises as to whether the whole 
curve should be measured it certainly need not be But it is of interest 
to know whether the Imear recovery curve illustrates the whole course of 
one process or whether the subsequent flattening out has to be included 
in a complete analysis 
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The total increafie in sensitivity during the 30 min subsequent to the 
first 3 min recovery rarely amounts to a gqm by a factor of more than 2 
and 18 frequently less This represents a very small gam for a dark adapta 
tion effect and illustrates the small extent, if any, of the dark adaptation 
process oocurnng at the fovea Further, it sometimes happens that there 
IS a small colour difference outstanding after 3 nun and this may also take 
30 mm to be completely restored This certainly suggests that it is the 
photopic mechanism rather than the scotopic, that is in action Finally, 
no physiological evidence for a dual mechanism has ever been demon 
strated in the fovea although this may be due merely to the difficulties 
of investigating minute physiological processes 

It undoubtedly makes the analysis easier if the recovery can be regarded 
m two parts, but the evidence is on the whole, against the existence of 
a true scotopic mechanism at the fovea Possibly the photopic process has 
some capacity for dark adaptation itself which is different from its normally 
operatmg light adaptation process 

Fundamental Response Curves — ^The determination of the fundamental 
response or sensation curves was attempted in the first of the author’s 
adaptation papers, and a repetition of the experiments with the improved 
techmque to obtain measurements at < = 0 and with more observers has 
not yet been undertaken, but will obviously be useful Wfe have no reason 
for doubting the general correctness of the sensation curves from 0 60/i 
to the red end of the spectrum although new measurements should result 
in a considerable increase of accuracy Some criticism has been made of 
the curves from 0 60/i to the violet end particularly in respect of the 
negative green but no valid reason for rejecting negative quantities has 
yet been brought to the writer’s notice Nevertheless they are unexpected, 
and more accurate measurements with the improved apparatus may mdi 
cate an error The additional information we now have regarding blue 
after images should also be helpful in avoiding misinterpretations ’ 


Afpucations 

Thsorettcal — The very direct bearmg of the results on the theory of the 
visual processes has already been brought out m the foregomg discussion 
It will be apparent that while the three response paths of the Young 
Helmholtz theory must exist, there is evidence to support the assumption 
of a general lummosity process, followed by a subdivision into a blue and, 
most likely a yellow process, the latter itself being subdivided into two 
processes, a red and green At least there are good reasons to believe that 
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a linkage exists between the blue and the yellow process and even better 
reasons for a similar linkage between the red and green This of course, 
bears considerable resemblance to oertam features of Hermg’s and other 
theories 

One important aspect that will have to be considered is the relation 
between the response measurements obtained by binocular matching 
methods, and the responses as recorded in the form of retinal action 
potentials by Gramt (e g 1933), Hartline (e g 1934), Graham (e g 1932) 
and others Gramt and Therman (1935) for example have demonstrated 
an adaptation phenomena as observed in the case of retinal potentials, 
which 18 based on an inhibitory, mstead of a photochemical process The 
determmation of the visual phenomenon correspondmg to this process 
would be of great value 

It will also be important to link up these adaptation measurements 
with the reactions of the photochemical substanoes found in the retma, 
as measured, for example, by Bayhss Lythgoe and Tansley (1936) and by 
Chase (1936) 

Perhaps the other most frmtful line of development will prove to be the 
estabhshment of a relation between the adaptation characteristics and the 
abnormalities of colour vision The first step in this direction will be the 
determination of the adaptation functions of the colour blmd themselves 
The recovery curves of anomalous trichromats dichromats, and mono 
ohromats should all be of exceptional interest 

Clinical — Another use to which the method of experiment, and indirectly 
the results themselves, may hope to be put is in the determmation of the 
recovery curves of persons suffermg from various diseases This is at present 
an unexplored field but there are a number of visual and general diseases 
that must almost certainly affect the adaptation mechanism and the 
correlation of adaptation data with the other pathological conditions of 
the observer should be very instructive 

Illuminating Engineering — On the more technical side the results can 
be applied to the proper understanding of the optimum lightmg conditions 
where passage from a well lit scene to a badly illuminated area is m question 
For example, the effect on a person passing from a brightly lighted to a 
poorly hghted street, the time taken to adapt from one level to the other 
the most desirable gradation of the illumination under these conditions, 
are typical problems the effect of headlight glare and the time required 
to recover the visual sensitivity is another exampU In this connexion 
in a recent paper by Lythgoe (1936) the question of adaptation from a 
high level to a low level of illumination was raised and it was stated that 
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no information was available The measurements given m this and the 
previous paper provide data that can be directly apphed to this problem 
The only other method of obtainmg equivalent information is by means 
of threshold measurements, on the Imes of Nutting’s work This is perhaps 
best regarded as a complementary rather than an alternative method for, 
while the binocular method provides a more definite form of observation, 
gives data not provided by the threshold method, and is associated only 
with the photopic mechanism, yet the latter can be carried out under 
conditions not possible in the bmocular experiments, conditions which may 
possibly approximate more closely to the practical conditions of the problem 

Reference may also be made to the discussion of a paper by Hopkinson 
(1936) on the photography of street lighting installations, as an illustration 
of the way in which the principles of adaptation phenomena may be apphed 
to give the correct interpretation to the technical problems concerned with 
hghtmg installations 

Perhaps the most important result on the techmeal side is the evidence 
for different adaptation levels for different coloured radiations For 
example, a white and a blue source that are equally bright when compared 
in intensity in a flicker photometer or by calculation from their energy 
distributions and the standard lummosity curve, will, after the eye has 
become adapted to them almost certainly produce different sensations of 
brightness Thus, for example, a blue and a white that are equal at low 
mtensities will no longer appear equal at high mtensities after the eye has 
become adapted to them It would thus appear that what may be called 
the instantaneous intensity, as measured by normal methods of hetero 
chromatic photometry, is not by itself an adequate measure of the visual 
efficiency of a source, an ‘ adaptation factor” must also be determined, 
if a knowledge of the apparent brightness when the eye has become adapted 
to its surroundmgs is required 

I should like to express my appreciation of the valuable assistance 
rendered by Mr J H Nelson durmg the course of the experiments The 
CO operation of the person recordmg the observations is essential if the 
recovery curves are to be measured successfully 1 must also acknowledge 
with gratitude the contmued financial assistance provided by the Medical 
Research Council 

SOMMAEY 

A further series of observations on adaptation phenomena have been 
recorded by the bmocular matching method, in which effects induced by 
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light adapting the right eye are measured relative to the constantly dark 
adapted left eye An improved method of observation allows the sensitivity 
immediately at the end of the light adaptation to be determmed directly 
For white adaptations the sensitivity of the red and green responses is 
mversely proportional to the adaptation intensity and the recovery curves 
for these responses are linear for the blue the response is reduced to a less 
extent than for the red and green and the recovery curves are non linear 
They may indicate a monomolecular or bimolecular reaction whereas the 
red and green processes appear to recover at a constant rate With red 
adaptations the green recovery is hnear and the red non hnear but while 
the red sensitivity is inversely proportional to the adaptation intensity 
the green is reduced to a relatively less extent as the adaptation is increased 
With green adaptations the reverse occurs borne non linearity is produced 
m the rod and green recovery curves when yellow adaptations are used 
Measurements with a blue green test colour have been made but the 
practical difficulties of matching with three primaries make a thorough 
examination in this part of the spectrum awkward 

While still requiring the three response paths of the Young Helmholtz 
theory the results suggest that there may be a gent ral luminosity process 
followed by linkages between the yellow and blue responses and between 
the red and green features strongly akin to Henng s and other theories 
The application of the method of observation for clinical purposes is 
suggested and the relation of the results to illuminatmg engineermg pro 
blems emphasized in particular an adaptation factor should be measured 
in heterochromatic photometry if the true visual efficiency of light sources 
IS to be found 
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Modification of Mammalian Sexual Cycles, VII — Fertile 
Matings of Raccoons in December instead of February 
induced by increasing daily periods of Light* 

By Thomas Humb Bissonnette, Tnnity College, Hartford, Connecticut 
AND Albert G Csech, Shade Swamp Sanctuary, Farmington, 
Connecticut 

[Communicated by F H A Marshall, F RS — Received 26 November 1936) 
iNTRODtrOTrON 

Since Bissonnette (1932, 1933, 1935®, h) discovered that the sexual cycles 
of ferrets could be altered at will by modifying the seasonal hght cycles to 
which they were exposed, and Baker and Ranson (19320, b, 1933) found 
that field mice were susceptible to similar changes by raampulation of both 
food and hght cycles, many other studies of sexual photopenodicity m 
mammals have been mside These have shown that different species show 
differences from each other m this respect Bissonnette has reviewed the 
hterature on sexual photopenodicity in both animals and plants (Bisson 
nette 19356, 1936 a b), and his papers may be referred to for a more com- 
plete treatment of the subject Some animals, like gumea pigs and 13 hned 
ground squuTels, are almost if not qmte unaffected by changes m duration 
of exposure to hght, at least withm very broad limits Some, like ferrets, 
come mto sexual activity on increasing daily exposures to hght Others, 
like sheep and deer become sexually active on decreasmg days And still 
others, like hedgehogs and field mice, are caused to change their breedmg 
or sexual cycles by other environmental factors as well as by changes m 
length of day 

An attempt has been made to test the relation of raccoons, Procyon lotor 
(Linn ), to such alterations of daily duration of hght These experiments 
were earned out at Shade Swamp Sanctuary, Farmmgton, Connecticut, 

* Aided by grants from the National Research Council, Committee for Research 
m Problems of Sox 1936-7 , and by 00 operation and ammals kmdly supphed by the 
Connecticut State Department of Fish and Uame, at its Shade Swamp Sanctuary, 
Farmington 
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where the junior author la resident director Mr Earl E Bailey of 
Trinity College Hartford Connecticut took care of the electrical 
arrangements 

Matemals and Methods 
Controls 

Controls consisted of the colony of raccoons of vani us ages and sexes at 
the sanctuary numbering over hfty animals Ihese were fed and housed m 
the manner which is routine at the sanctuary 1 heir behaviour and times of 
holmg up in pseudo hibernation were noted and deviated m no respects 
from normal 

Experimental Animals 

The experimental animals consisted of three pens of one male and two 
females each Of each pair of females one was an animal of known success 
ful breedmg during the previous year and the other was eithei a female 
which failed to give any young throughout the previous year oi one that 
gave buth to a still born foetus though sexually mature before the 
previous breeding season Ihese animals were housed and fed m the same 
manner as the controls and were in the same enclosure which afforded 
shade from numerous trees All were subjcc t to the same climatic conditions 
and temperatures varied from well above freezing to as much as 14 20° 
below zero h with plenty of snow at some times 
Each cage consisted of a box like den with sloping roof and holes to 
permit the animals to go m and out and a runway with flour about 2 ft 
above the ground This runway was completely enclosed with strong 
1 m wire netting except that the den formed one end of it W ide shallow 
metal pans covered part of the floor of this enclosure and the pans for 
feeding were placed upon them This conserved the food 

In the front wall of the den facing the wire enclosure and just under the 
roof was cut a hole of proper size to permit a 80 W incandescent bulb to be 
placed sidewise in such a position that it hghted both the interior of the 
den and the outside enclosure whenever it was turned on J he controls did 
not have this hght Laghts were turned on for 1 hr each night from 
10 to 17 October 2 hr per night till 27 October 3 hr till 6 November, 
4 hr till 17 November 6 hr till 27 November 6 hr till 7 December 7 hr 
till 17 December and 8 hr per night thereafter till the animals had to be 
separated because the females were becoimng ugly toward each other 
and toward the male Lights were turned on and off by a time switch and 
hghting began at six o clock each evemng so that it was easy to see that 
all hghts were lighted each night and none burned out before attendants 
left for the night 
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OsSBEVATIOirS 

Controls 

The control animals, as is usual with raccoons, showed decreasing con 
sumption of food in November and December and, when snowy weather 
came on, finally underwent pseudo hibernation In this, while they were 
sometimes more or less active within the den, they did not come out for 
food Periods of hibernation began at various times with different ammals 
during December and January The usual routine of decreasing food 
gradually, to help induce this condition, was followed and the animals ate 
less and less till they finally failed to come out for any food 

From the first week of February onward, ammals of both sexes left the 
dens and resumed feeding At these times the first matmgs occurred and, 
for mdividual pens of two females and one male, continued for one or two 
weeks and stopped 

The times at which different individuals mated vaned from this first 
time in early Febiuary to some time in April In this colony matmgs 
under normal conditions have only very rarely occurred before the first 
week in February and never before the last days of January 

Many of the animals (but not all), after this mating peiiod, again stopped 
eatmg and underwent another penod or periods of pseudo hibernation in 
late February and early March The times varied with individual ammals 
It IS believed by breeders that the young are bom about 63 days after 
mating The first fitters fiom these animals were born on 6 and 7 April, but 
no others before 16 April when fitters began to be more numerous These 
first litters would place the time of copulation, from which pregnancy 
resulted, on 2 and 3 February if the penod of gestation is the supposed 
63 days The dates of the first litters m the colony m the preceding season 
were also 6 and 7 April So the begmmng of the receptive time of oestrus 
and matmg is qmte uniform from year to year, irrespective of weather 
conditions, as 1936 and 1936 were quite different as to temperature and 
amount of snow in December, January, and February 

No resumption of mating after suckfing young or after failure to produce 
fitters at the end of the gestation penod occurred among controls, nor is it 
known to have occurred m previous years m this sanctuary 

Winter fur was shed after the birth of litters or at about the same time 
m non-pregnant animals , not before partuntion as with ferrets and some 
other ammals (Bissonnette 1 93 5 d) Fur was not used in fining the nests made 
by the females, beginnmg about 2 weeks before the end of term Even 
females that did not produce young from matings did some nest making 
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So it 18 judged from that and from the change m temperament ooournng 
just before that time and the general heavmess of the abdomen even of 
those that failed to have htters that the raccoon undergoes some sort of 
pseudo pregnancy Smce most of these ammals are very difficult to handle 
for close observation and palpation even if fairly tame at other times and 
many (but not all) become very vicious near the end of term diagnosis of 
pseudo pregnancy was only made from observations of change of be 
haviour and nest buddmg m the dens Also the animals were on loan from 
the State and we were not permitted to kill them for histological study to 
confirm the superficial diagnosis of pseudo pregnancy So this term should 
be understood m this paper as subject to hmitation 

This change of temperament and behaviour of the females near the end 
of term took the form ot general surlmess and a disposition to drive the 
male out of the den and not permit him to re enter and to fight among 
themselves if moie females than one were in the same jien 

Expertmental Animals 

The first deviation from normal behaviour iii the experimental ammals 
was failure to show the gradual decrease of food consumption in autumn 
exhibited by the controls The lighted animals remamed ravenously 
hungry even when footl supply was being cut down to induce pseudo 
hibernation so it had to be increased again to normal amounts They 
remamed active and showed no signs ot going mto pseudo hibernation m 
December when most of the controls holed up and stopped eating 
First signs ot mating occurred in one pen on 16 December The male 
copulated with both females frequently for about a week and then 
appeared to stop domg so those m the second cage went through the 
same performance begmnmg on 19 December and those m the third on 
23 December In all three pens both the good breeder ot the previous year 
and the mfertde one mated repeatedly (contrast with the first week of 
February or later for controls) 

Durmg a time of very heavy snow with temperatures hovermg between 
zero F and 6-8 below each night the experimental ammals remamed 
m their dens for three or four days between 20 January and 10 February 
This was the nearest approach to pseudo hibernation shown by the 
experimental ammals and even then they were active withm the dens 
Before 28 January the females m the first pen to mati became very 
cranky and drove the male out of the den and w uld not let him re enter 
So he had to be removed to another pen On 30 January the two females 
m this pen had to be separated because of fighting and the lighting was 
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discontinued with one of them The members of the other pens had to be 
separated for the same reason on 11 February. 

On this date it was also noted that the females first separated hod built 
nests for the reception of young bo on the basis of their behaviour it was 
judged that these females were pregnant Then* mammary glands were 
also enlarged and their abdomens distended borne of them were very 
ugly and would claw the attendant at every opportumty This was not 
true of any of the controls at this time 

On 27 February a large female from the first pen to begm matmg gave 
birth to four young bhe had her experimental hghtmg stopped on 
30 January On 4 March a female from the second pen to begin mating 
gave birth to one young animal On 10 March a female from the third 
cage to begm mating gave birth to three young One of these females had 
reduced lighting from 11 hebruary, the other had not bo continuation of 
experimental hghtmg was not a necessary factor m completion of gestation 
The other female m each pen failed to give birth to young just as two of 
them had failed under normal conditions m the previous season The third 
had only a still born foetus the previous summer and it was a month later 
than usual But all three of these pseudo pregnant females built nests like 
those of the animals that had litters 
Another stnkmg fact is that those females that did give birth had the 
same number of young ones under these conditions as under normal ones 
m the previous season This would seem to indicate that we were dealing 
with animals of definitely limited breedmg capacity or with none at all 
Obviously it IS useless to keep as breeding stock females that fail to produce 
young ones durmg two seasons or even those producmg only one m a 
season 

On 16 April two of the experimentally lighted females were begmnmg 
to shed some hair None of the others was doing so, however These were 
females that failed to have young from the early raatmgs 

“Ldghted males were put back in the cages with the females about 
20 March and one of them copulated at once The other two began to do so 
frequently from 20 to 29 March Agam they were only pseudo pregnant, 
but became ‘ ugly” and built nests before the end of terra Two of these 
females had been receivmg added hght contmuously from the begmmng 
of the expenment, one had not, whereas two that had young had their 
hghtmg reduced to normal when they were separated from the males and 
from each other on 30 January and 11 February the other had not This 
second matmg period did not occur among controls nor in other seasons 
under normal hght cycles 
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On 15 Apnl the first fitter of four young was about ready to be weaned , 
the others soon afterward None of the young bom in Febmary and early 
March under these experimental conditions died or was killed by the 
mother before weanmg They grew and thrived as well or better than those 
bom at normal times, and appeared to reach full size and complete 
development before 1 October Further experiments with them are under 
way to see if they can be mduced to breed m their first or second autumns 
instead of only after 2 years of age as is the case with raccoons produced 
under normal conditions 

On 18 and 19 May the three females that had weaned their young ones 
were returned to the lighted cages and to the hghted males Two of them 
were seen to copulate again repeatedly on 24 and 2S May and on subsequent 
days, but not the third, which however, may have done so in the den or 
at mght No pregnancies ensued This second mating period did not occur 
with these females or males m natural conditions during the previous year, 
nor among the controls in the sanctuary during this season These second 
matmgs and those of the females that failed to have young at the first 
matings are therefore unusual and may be attributed to the increased 
exposures to light mvolved m the experimental treatment of these animals 
They mark an mcrease of breedmg activity for this species over that 
occurring under normal seasonal length of day This m a sense parallels 
the increased egg production induced in pheasants under similar night 
hghtmg reported elsewhere (Bissonnette and Cseoh 19360, 6) 

In the previous year none of these females mated before 1 February, 
and the first young bom this year among the controls coincided exactly 
with the first young ones of the previous year tSo the births mduced by 
the experimental treatments were just 38 days earher than the earhest ones 
this year, and for the first female to have them, just 40 days earlier than m 
the previous year 


( ONOLUSIONS 

It therefore appears that the breeding season of the raccoon may be 
moved forward from February to December and that young born at least 
40 days earher than normal for a given mother can be reared successfully 
m the type of pen used at this sanctuary, even through subzero tempera- 
tures and heavy snowfall, without artificial heating of any kind and with 
or without contmumg experimental hghtmg after the pregnant females 
become “ugly” toward the end of their gestation periods 

The three females rendered only pseudo-pregnant at the light-induced 
December matmgs underwent second mating periods before 27 March 
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when returned to experimentally lighted males , but agam they were only 
pseudo pregnant They had also failed to have livmg young or any at all 
under normal conditions during the previous breedmg season They were 
therefore apparently useless as breeders, at least with these males This 
increase of daily exposure to hght did not mcrease their fecundity, though 
it did prolong their matmg season and mduced a second oestrus or heat 
period beyond the “normal” 

Two of the three females that produced young from the December 
matmgs were seen to mate again when returned to the males after weamng 
their young on 18 May The other may have done so at mght or in the den, 
but was not observed to do it This also is not found to occur in controls 
or on normal light cycles Their failure to become pregnant at the second 
matings with the males induced to become sexually active in December 
may perhaps have been due to regression of sexual activity or at least of 
sperm production in these males after the early stimulation, such as occurs 
in ferrets and starlings as described by Bissonnette (193 3 1935a h 1936 a) 
He has also shown that libido and willmgness to mate persist longer than 
abihty to impregnate females in ferrets Or the result may have been due 
to lesser mtensity of the “oestrus” at this second mating time 

This second mating penod per season has not been known to occur m the 
colony at the sanctuary under normal seasonal hght cycles So it is 
evidence of mcreased duration of or recurrence of sexual activity m 
raccoons subsequent to the hght induced earber mating Had the males 
used m this second mating period been on normal hght cycles or even on 
retarded cycles perhaps second htters might have resulted Development 
of mammary glands also must go on normally under these conditions, since 
both animals with which hghting was oontmued and those with which it 
was not successfully suckled their young to weamng and the young grew 
and thrived well from this suckling 

Increase of daily periods of exposure to hght in autumn appears to 
prevent the normal December and January periods of pseudo hibernation 
or “holing up ’ m raccoons, but permits short 3-4 day periods of such 
reduced activity after early February matmgs These periods occurred 
about the time that animals on normal light cycles came out of pseudo 
hibernation and began to mate, or somewhat earher Animals on normal 
cycles of length of day also showed these periods of pseudo hibernation 
after matmgs in February 

The altered light cycle appears to have a less noticeable effect on the hair 
cycles of raccoons than it does on those of ferrets (Bissonnette 1936d), 
though this was not carefully watched nor exact dates noted The normal 
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shedding of winter coat in raccoons follows parturition instead of preceding it 
as it does in the ferret It occurs much longer after early spring oestrus than 
in the ferret with its later onset of oestrus Lighted female raccoons, however, 
shed their wmter coat much earlier than those produtmg and sucklmg young 
Marked changes in the behaviour of the pregnant and pseudo-pregnant 
females toward males and toward one another preceded the termination of 
the gestation or the pseudo pregnant period This was shown by a general 
surhness, by ostracism of the males, and by fightmg among the females 
Such changes were as marked in females subjected to winter gestation 
periods as m those matmg at the usual time from early February onward, 
and as marked, apparently, in pseudo pregnant as in pregnant animals 
Only one of each (pregnant and pseudo pregnant teraales), however, was 
m each pen and the fighting may have been initiated mostly or altogether 
by the pregnant individual Not all females, however, become surly, 
either among controls on normal hght cycle or among experimental animals 
The oestrous cycles in December, induced by experimentally mcreased 
daily periods of exposure to hght, and the pregnancies and pseudo 
pregnancies resultmg from matings under such conditions, appear to be 
normal m every respect but time of occurrence The three males were 
activated at the proper time with reference to oestrus of the females and 
produced sufficient sperms to fertihze the eggs ovulated by the females 
Accessory organs and sexual hbido were also normal or effective This is 
evident, because one female from each pen, and, therefore, with each male, 
gave birth to one or more young animals 

It IS therefore possible to control the time of breedmg season of the 
raccoon It may be possible to prolong it by controlhng and modifying the 
cycles of duration of daily exposure to hght for both sexes, just as with 
ferrets (Bissonnette 1932, 1935a, b, 1936a, h, c, d), pheasants (Bissonnette 
and Csech 1936a, b), or bob white (Colinus mrgmumua) (Bissonnette and 
Csech 1936c) which were so produced Viable young animals have been 
reared and weaned m the wmter season of normal sexual quiescence of 
raccoons Under such experimental hghtmg m wmter, the normal penod 
of pseudo hibernation m December and January appears to be omitted and 
consumption of food does not decrease and stop, as it does m controls or in 
ammals on normal hght cycles under similar conditions of temperature 


Summary 

By increasmg the daily periods of illummation from 10 October onward, 
three male raccoons were induced to become sexually active m December 
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and to mate with two females each similarly brought into oestrus m 
December instead of February 

Three of the females were successful in reanng young dunng the previous 
season and they agam gave the same number of young under the expen 
mental lighting (four one and three respectively) as under normal con 
ditions m the previous year with and without contmued hghtmg after the 
last 2 weeks of gestation (this in spite of subzero weather) So lactation and 
maternal instmcts were normal 

Three other females non breeders m the preceding season agam failed to 
have young under expenmental hghtmg but were only pseudo pregnant 

These non pregnant females mated again with the hghted males on 
20-20 March after completing their pseudo pregnant periods but again 
no young were begotten 

Two of the three pregnant females returned to the hghted males m May 
after weamng their young mated a second time the third was not seen to 
do so No young were proiluoed 

Failure of the males to impregnate these females at the second matmg 
periods m March and May was probably due to regression of their sper 
matogenic functions succeeding their early sexual activity caused by change 
of lighting or the second oestrus of the females may have been sub 
normal and may not have been followed by ovulation 

The breeding season of the raccoon may therefore be advanced 40 days 
by mcreased daily exposure to light m autumn Young ones so produced 
were successfully reared through early spring months grew as well or 
better than those born at normal dates and reached maturity of size earlier 
than usual 
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The Effect of a Glaring Light Soiuce on Extrafoveal 
Vision 

By W S Stiles and B H ( rawford 
National Physical Laboratory 

{Communicated by Sir Join Parsons F R S — Received 22 December 1936) 
Introduction 

When an exposed light source is present in the field of view the visibility 
of neighbouring objects is impaired owing to what may be called the glare 
effect of the light source This glare effect has been studied by several 
investigators who have measured the increase in the smallest perceptible 
brightness difference (bnghtness difference threshold) when the glare source 
18 introduced in such manner that the brightness distribution in the field 
remains otherwise unchanged In all the earher work attention was confined 
to the case when the subject viewed the brightness difference to be perceived 
by direct or foveal vision For this case the investigations of Luckiosh and 
Holladay (1925) and of Stiles (1929) have shown that if the field has a 
uniform bnghtness of 5 0 sq ft and if a point source located 6° from the 
test object produces an illumination of F ft c on the pupillary plane at 
the subject s eye then the brightness difference threshold T is raised from 
the value JJ, appropriate to the field bnghtness B to the value appro 
pnate to a field bnghtness fi where 

p = B + kFje^ (1) 

Thus the effect of the glare source on the brightness differeiu c threshold is 
reproduced by superposmg a uniform bnghtness y — IF 0 on the field 
bnghtness B y? is termed the equivalent uniform field bnghtness ■" and 
y = kEld^ the equivalent veilmg bnghtness of the given glare condition 
Vanous values of the constants k and n have been obtained by different 
investigators but the best representative values raaj be taken as 71 = ap 
proximately 2 k = approximately 10 (See Appendix ) It has been shown 

* The term equivalent baokgroun 1 brightness has boon us 1 in the past but 
equivalent uniform field brightness 1 as been suggested as ni re appropriate and 
we shall adopt this suggestion 
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(Stiles and Crawford 1932) that the value of for a given glare condition 
18 independent of the size colour and exposure time of the brightness 
difierence used in the determination of the difference threshold 

More recently the present authors (Stiles and Crawford 1934) have 
studied the sensitivity of the eye under different brightness distnbutions 
including conditions of glare for the case in which the test object is imaged 
at a point m the parafoveal retina separated 5° (external angle) from the 
fovea centralis Owing to the functionmg of both rod and cone mechanisms 
at the 5 ° parafoveal point the variation of hminal bnghtness increment* 
with field bnghtness was found to be of a more complex character than for 
foveal vision It appeared nevertheless that the effect of a glare source 
could be reproduced as for foveal vision by superposmg an additional 
uniform bnghtness over the field For the particular case of 0 = 6° it was 
found that the additional bnghtness y equalled 0 whereas the foveal 
formula with A, = 10 ra = 2 gives 7 = = 10^/6* = 0 2 SE Thus the 

equivalent veiling bnghtness is of the same order of magnitude for foveal 
and 5 ° parafoveal vision 

A systematic study was then undertaken to discover whether formula ( 1 ) 
held good for 5° parafoveal vision and also for more remote extrafoveal 
points The results of this work are given in the present paper 

It may be noted in connexion with formula (1) that E represents the 
illumination on a plane containing the eye pupil As the glare source is in 
general located at a certam angle with the direction of vision E is not equal 
to the illumination E;^ produced by the glare source at the eye measured 
on a plane placed normal to the rays from the glare source For the investi 
gations on foveal vision the angle concerned ( 0 ) has never exceeded 30° and 
the difference between E and E^f can be neglected For the extrafoveal 
measurements however larger angles have sometimes been used and it is 
then necessary to distinguish between E and We shall find it con 
venient to base our discussion on formula (1) modified by the substitution 
of ifv for jS 1 e on the formula 

/?= (2) 

• The ttrm limmal brightness increment (I b i ) (Stiles and Oawford) represents 
a somewhat different concept from that described by the term brightness difference 
threshold (b d t ) Whore all brightnesses in the field have the same spectral 
composition as m the present experiments the 1 b 1 is defined as the smallest 
difference of brightness between a given test spot and its immediate surround such 
that the presence of the teat spot can just be detected the test spot bnghtness bomg 
greater than the surround brightness For this case 1 b i and b d t reduce to 
much the same thmg All the measurements to be desenbed here are strictly 
measurements of the 1 b i and we shall therefore use that term 
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Gbneeal Plan of thf Experiments 


The position of an object in the visual monocular field is specified in a 
system of polar coordinates r,^ ^ with the eye as ongin and the direction 
of vision as pole r is the distance in feet ^ is the angle between the fixation 
direction and the Ime joinmg the eye to the object and xjr is the azimuthal 
angle measured from a reference plane which, with the eye upright and 
looking horizontally, is taken as the horizontal plane on the temporal side 
\Jr 18 measured clockwise from the reference plane for tlio left eye anti 
clockwise for the right eye, so that an object having the coordinates r 
in the visual field of one eye will coincide with the mirror image in the 
medial plane of an object with the same coordinates in the visual field of 
the other eye 

There are four special points in the visual field which have to be considered 
in the present mvestigation 

The fixation pomt ^ = 0 

The blmd spot centred about the point if> = 17° approximately ^ = S'iO® 
approximately 

The test spot position ^ xjr = 

The glare source position, ^ = ^o> 

The position of the glare source with respeit to the test spot is defined 
by the angle 6 between the lines joinmg glare source and test spot to the 
eye, and by the angle x which is defined as the amount of rotation about 
the test spot direction as axis, of a half plane terminated by the test spot 
direction which in its initial position contains the fixation pomt and in its 
final position, the glare source y is measured clockwise for the left eye, 
anti clockwise for the nght eye The formulae 


cosO = cos^jpcos^o + sin^ysm^ocosl^i^i 

cos^o .a 

COS A! = — a j — cot^cot^j.. 

sm^sin^r 



(3) 


are obtamed by sphencal tngonometry 

Fig 1 shows the relations between the different angles involved The lines 
m the figure, shown for ease of drawing as straight, must be thought of as 
parts of great circles on the umt sphere with the eye as centre The letters 
have the followmg meanings T = test spot direction, G = glare source 
direction, F = fixation direction Fff = horizontal great circle 

In order to test the formula (2) for extrafoveal vision, four sets of expen 
ments were undertaken It will be noted that the formula does not involve 


the angle x which determines the onentation of the glare source, with 
respect to the test spot Thus the values of jS and hence the 1 b i values T 
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for a glare source of constant intensity Ej^ at the same angnlur distance 0 
from the test spot but at different orientations x> should all be the same 
In one senes of measurements, therefore, the glare source was moved round 
on a circle with the test spot as centre and the 1 b i was measured with the 
glare source at vanous positions on the circle To test formula (1) with 
respect to variation of 6, it was necessary to determine for each test spot 
position the curve connecting the 1 b i value T with field bnghtness B in 
the absence of the glare source When this had been done the 1 b i was 



measured for a glare source of con 
stant intensity at different angular 
separations 6 and the corresponding 
values of could be determined from 
the curve relatmg T and B in the 
absence of glare In a third senes of 
measurements 6 and x were kept con 
stant and the intensity of the glare 
source was changed Accordmg to the 
formula the values of the equivalent 


umform field bnghtness determined 
from these tests should be linearly 
related to the eye illumination Ef^ 
//x^ determimng the glare source mtensity 

y Finally smce a given eye lUummation 

^ could be produced either by a 

^ glare source of high brightness and 

small angular dimensions or by an 
extended glare source of lower bnght 
P H ness tests were made to find out 

^ ' whether the I b i and hence the equi 

P 10 I ^ 

valent uniform field bnghtness was 
the same in these two cases as is indicated by the formula (2) 

Throughout the expenments the glare source was presented on a back 
ground of zero bnghtness so that the eqmvalent umform field bnghtness fi 
and the equivalent voihng bnghtness y reduce to the same quantity The 
test spot used in all the measurements had the following specification 
Circular test spot of diameter subtending an angle of 0 072° at the 
subject s eye, exposed for a penod of 0 06 sec once every 3 sec 

The glare sources, test spot and field bnghtnesses employed w^re all of 
“white” light (radiation from gas filled tungsten filament lamps or 
pointolites having a colour temperature of about 2800° K ) 
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Description of Apparatus and Notes on the Method 

The apparatus used has already been descnbed as ‘ threshold apparatus I ’ ’ 
in a previous paper (Stiles and Crawford 1934) and it is only necessary to 
note the special arrangements for the present tests Referrmg to fig 2 the 
mirrors M could be adjusted to throw the test spot image on any part of 
the background screen 8 or 8^ Instead of forming a glare source image 
in a hole in the background screen it was more convenient to mount 
the glare source on a fittmg inside the cube Several methods were used 
for the different expenments in every case care being taken that no light 




from the glare source fell on the background screen 8 For the measurements 
with 6 and E constant, x varymg, the glare source consisted ot an aperture 
with opal glass behind mounted in the side of a metal box Z/, enclosing a 
36 watt beadhght lamp The box could be clamped at any desired position 
on a long rod which was arranged to rotate about a horizontal axle H 
pointmg at the eye 0 A screemng tube projecting out from the box and 
enclosing the illuminated aperture at one end, confined the rays from the 
ajierture to a limited pencil no larger than necessary to cover comfortably 
the subject s eye The test spot was focused at the centre of the subsidiary 
screen 8^ covermg the axle rod To obtam a vanation of 0 the glare source 
was enclosed m a metal box at the lower end of a tube A right angled 
pnsm R at the top of the tube redirected the beam mto the subject’s eye 
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The tube was made to move round on a curved rail Q which was adjusted 
so that the image of the glare source seen by reflexion in the pnsm described 
a circular arc with the subjects eye at the centre and lymg in a plane 
contaimng the test spot image projected on the screen S The pnsm con 
struction was adopted to enable the glare source to be brought as close as 
possible to the Ime joimng the test spot image to the eye For the tests on 
the effect of siae and intensity of a glare source at a fixed angular position 
the glare source smtably enclosed m a hght tight box was mounted at a 
fixed position m the tube and the size vaned by means of an ins diaphragm 
the intensity by means of neutral glass filters inserted in the glare source 
beam 

The variation and determmation of the background test spot and glare 
source intensities followed the same fines as already given in the paper 
quoted Ihe multiple decision method was employed for all the Ibi 
determmations 

The subject employed monocular vision foi all the measurements 
covenng the unused eye with an eye shade The head position was kept 
fixed by makmg the subject bite on a sealmg wax bit In some cases the 
subject had to sit at an angle in the cabin and it was found convenient to 
remove the wooden apron previously employed Before measurements 
were commenced the subject sat in complete darkness for at least 4') mm 
and the different stimulations m a complete run were arranged in order to 
pass from the feebler to the more intense stimulations 

The complete measurements were made for tw'o subjects W S b em 
ploying his left eye (emmetropic) and B H C employing his right eye (shght 
astigmatic error) Ihe natural eye pupil was used i e no artificial pupil or 
mydnatic was employed Fixation m any desired direction was secured by 
fixmg the eyes on a weak pomt source of light consisting of a flash lamp 
bulb m a short tube which could be pinned at any pomt on the background 
screen S ihe mtensity of the fixation hght was adjusted by the subject so 
that the light was just visible 

Results of the Measurements 

o — Absence of Glare Vmial Senaitimty over the 
Field of the Dark Adapted Eye 

The general character of the visual sensitivity m the fully dark adapted 
eye for the two subjects (W S S and B H C ) was first studied by deter 
mining the 1 b i value m a vertical plane through the fovea centralis and 
in a plane mclmed 10® above the horizontal on the temporal side An 
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inchned plane rather than the horizontal was chosen to avoid the bhnd spot 
The data obtained are shown in fig 3 Here and throughout the paper 
T IS the 1 b 1 value in o /sq ft It will lie noted that for both subjects and 
m both planes the fovea corresponds to a point of maximum 1 b i or minimum 
sensitivity but the sharpness of the maximum m the curves is markedly 
greater for W S S than for B H ( On the temporal side of the curve in 
the 10° plane B H C exhibits an additional and very sharp maximum at <j) 



Fio 3 


equals about 16° This is beheved to be due to a blood vessel radiating from 
the blind spot A corresponding maximum for W fe & is not in evidence 
unless the apparently anomalous point at ^ = 13 6° is accepted as mdicating 
a smaller maximum of the same type Other differences between the two 
subjects curves are also observable 

b — Effect of Size of Glare Source 

To test the effect of glare source si/e a comparison was made of angular 
diameters of the glare source as seen by the subject of 1 92 and 0 34° 
respectively producmg the same illummation JS?v at the subject s eye The 
angular positions of test spot and glare source were kept constant during 
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the comparison. Four measurements were made of the 1 b i for each size 
glare source, measurements for the two sizes bemg made alternately The 
results to be given are the means of the four values of log^g T obtamed m 
this way Four positions of the test spot were chosen at mcreasing angular 
distances from the fixation point and one m each of the nasal, temporal, 
upper and lower azimuthal planes For W S S the glare source had a fixed 
position 26° from the fixation point in the temporal horizontal azimuth 
= For B H C the azimuthal plane was varied The glare source 
intensities were chosen to give 1 b i values within the upper hunt of mtensity 
available in the apparatus Table I summarizes the results obtained 

Table I 

Mean logjo T 

Test spot Glare source (ilare 



position 

position 

SOllTCO 

Largo 

Small 


Subject 

4>t 

’ if 



intensity 

logi*i?v. 

glare 

source 

glare 

source 

Difference 

W b b 

6° 

0° 

26° 

0° 

1 30 

I 44 

I 48 

-0 04 


10° 

270° 

26° 

0° 

1 30 

I 89 

I 92 

-0 03 


24° 

90° 

26° 

0° 

I 42 

0 16 

0 16 

0 


47° 

180° 

26° 

0° 

I 42 

I 99 

0 10 

-0 11 

B H C 

6° 

0° 

22° 

180° 

1 62 

0 04 

0 04 

0 


11° 

270° 

26° 

0° 

0 47 

T 04 

I 66 

-001 


24° 

90° 

28° 

24° 

I 81 

I 74 

I 72 

+ 0 02 


50° 

180° 

24° 

180° 

2 67 

I 92 

I 94 

-0 02 


Referring to the final column giving the difference between the log of the 
1 b 1 for large and small glare sources it is apparent that the difference is 
small (average value — 0 024) and we may conclude that, withm the range 
of glare source size studied, the effect on the 1 b i at extrafoveal points is 
detemuned by the eye illummation alone, a similar result to that already 
obtained by Bordom and others for the case of foveal vision 

c — VaruUion of Orientation of the Glare Source vnih respect 
to Test Spot at a Constant Glare Angle 
For these tests the glare source was moved round the fixed test spot at 
a constant angular separation d from the latter, the experiment bemg 
earned out for several values of d The onentation of the glare source with 
respect to the test spot is expressed by the angle x already defined In each 
run measurements of the 1 b i were made for twelve values of x spaced at 
30° mtervals The observations at the twelve x values were taken in random 
order For all positions of the glare souroe (m a given run) the lUummation 
at the eye measured normal to the mcident hght {Ef/) was kept constant 
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By suitable choice of d it could be arranged that the glare source m its 
circular path passed through the fovea or the blind spot as it was desued 
to see if anomahes occurred at these points In fig 4 the results of a senes 
of runs with the test spot at the point 0, = lo 7 = 270° and with 

6 = 5 10 7 29° and 60° respectively are reproduced (continuous curves) 

For each value of 6 logj^ T is plotted against the onentation angle x 



1 1 4 

(N B Al = 0 corresponds to the position of the glare source neaiest to the 
fovea X = lfi0° corresponds to the most remote position ot the glare source) 
No marked systematic vanation of the 1 b i with the onentation of the 
glare source with respect to the test spot is apparent in the curves of fig 4 
From reasons of symmetry such vanations would be expected to load to 
curves symmetncal with respect to an ordinate through A! = h it the fovea 
IS regarded as a centre of symmetry in the retma, or with respect to an 
ordinate through x = approximately 304° if the blind spot is taken os the 
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centre Axial symmetry about the line joining the fovea to the bhnd spot 
would not lead to any easily predictable form of the curve Assuming no 
systematic variation with x Jn the curve of fig 4 the actual variation from 
a horizontal straight Ime may be attributed to expenmental errors m 
determining T, drift in the value of T during the run, and irregular 
variations of the effect of the glare source on the sensitivity at the test 
spot as the angle x is changed That the second of these causes plays some 
part 18 clear from fig 5 showing the data of the top curve (0 = 6°) in fig. 4 
plotted not against x but in the oidej in which the measurements were 
taken The upward drift in the value of logm T during the run is well marked 
Drawing the best straight line through the data of fig 6, a correction to 
the original observations can lie made by adding to each observed value of 
logjo T the mean logjy T for the lun, leas the value on the straight line ot 
fig 6 coriesponding to the paiticular observation m question The dotted 



Order of taking roadingb 
Pio 5 


lino in fig 4 for the 0 = 6° run represents the data corrected for drift m 
this manner The corrected data show less irregularity than the onginal 
observations although the difference is not great In the great majonty of 
the runs for B H C the 1 b i value drifted upwards durmg the run Drift 
occurred to a less extent for W S In Tables II and III are given details 
of all the runs made Where the number of values of x used is less than 12 
(see column 6) this is because the glare source is cut off from the subject’s 
view by the nose or other parts of the face The difference between the 
maximum and minimum values of logi^ T recorded m each is shown in 
column 6, and column 7 gives the average deviation of the log^o T values 
from the mean logjo T in the run 

ForB H C (Table II) no systematic changeoflogioT with was observed 
for thirteen out of fifteen complete or nearly complete runs (number of x 
values not less than 9) under different conditions For four out of the six 
test spot positions no systematic change occurred The biggest deviations 
from constancy of log^^ T occurred with the test spot at = 1 80°, 
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5 33 



Table III — Stjbject W S S 
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Data mcomplet< 
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and the data for this case are reproduced m fig 6 The occurrence of a 
maxi m um m the neighbourhood of = 180° for 0 = 5° and 10° appears to 
be well established No corresponding effect is observed if the test spot is 
50° to the temporal instead of to the nasal side of the fovea (runs 19 and 20) 
ForW S S mne out of thirteen complete or nearly complete runs show no 
systematic vanation With the test spot at (jij, = 24° rjfj, = 90° systematic 




Fio 0 

variation occurs in the three complete runs corresponding to different 6 
values and the character of the variation is somewhat similar in the three 
cases (see fig 7) It may be noted that at the test spot position corresponding 
to that for which the marked maximum of logi, T occurred for B H C the 
curves for W S S show no systematic variation 

Fig 8 shows the results for five runs m which tlie glare source passed 
through the fovea m its circular path The second curve of fig 4 is another 
such run Data for three runs m which the glare source traversed the blmd 
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spot are given m fig 9 It appears from these results that neither the fovea 
nor bhnd spot corresponds to smgolar points of the retina at which a glare 
source will produce an abnormally greater or less effect on the 1 b i than at 
any other point equally distant firora the test spot 

To sum up the results of these tests, it may be said that in most cases the 
effect of a glare source on the 1 b i at an extrafoveal point shows no systematic 



Fio 7 

change as the orientation of the glare source with respect to the extrafoveal 
point 18 varied Small irregular changes do occur, however, and in addition 
at certain extrafoveal points which may be at different positions in the 
visual field for different individuals the onentation of the glare source has 
an effect on the 1 b i When the glare source falls on the fovea or on the bhnd 
spot the effect on the 1 b i is no different from that for any other point at an 
equal angular distance from the test spot. 
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d-^Vanaixon of the IrUenatty of the Glare Source keeping the 
Glare Source and Teat Spot tn Fixed Poaituma 
It follows from formula (2) that, with B = 0 and 9 fixed, p equals a 
constant multiphed by Ej^, where the constant has the value kjd’^ To test 
the proportionahty between and JBjy predicted by the formula the following 
comparison was made for four representative positions of the test spot 
T was measured in the absence of glare for a senes of uniform field bnght- 
nesses B and the results were plotted as a curve of log^^ T against logjo-B- 
T was then measured for vanous mtensities E^ of a glare source m a fixed 



Fia 10 B H C ^r = 5°, ^0-21 J5°, = 180“ 

position with respect to the test spot and the results were plotted as a curve 
of login ^ against log^ Ef^ The two curves so obtamed m one comparison 
of this kind (companson 1) are depicted m fig 10 (the contmuous curves) 
It 18 clear that if we take a particular value of logm E^, say logm-ff^v = 3- 6, 
this will correspond on the glare curve to a point X and to a particular 
value of login Drawmg a honzontal hne through the pomt X to cut the 
uniform field curve in the point Y, the abscissa of Y will clearly equal 
login/?, where /? is the umform field bnghtness giving the same value of ^ as 
the glare source of intensity Ef/ If P IB proportional to Ef/ , then logm P 
must equal logm Efj + const or log^ P — logm Ef/ = const This means that 
the length of T must be the same whatever the imtial value of logm 
may have been, and it follows that the glare curve and the uniform field 
curve must be similar m shape, with a relative displacement parallel to the 
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axis of logio^^ or log^^^ The broken line curves shown in fig 10 were 
obtamed by shifting bodily the glare and uniform field curves parallel to 
the axis of abscissae to bring them respectively into approximate co- 
incidence with the umform field and glare curves The agreement between 
the ongmal and the displaced curves is satisfactory and it follows that for 
this comparison, yff is proportional to and the prediction of the formula 
IS verified 



LogjoB or LogioBjv 
Fia U 


Details of all the comparisons made are given in lable IV Ihe two 
curves mvolved in each comparison were determined on the same day, one 
in the mormng, one in the afternoon For B H C all four comparisons give 
satisfactory agreement between the two curves followmg a suitable dis 
placement of one of them parallel to the axis of logjo^^v or ^ogioB For 
W S S two of the comparisons show a discrepancy between the ongmal 
and displaced curves at low values of log or logig B which appears to 
be associated with a change m the condition of the eye between the glare 
and umform field runs The discrepancy is greatest for the comparison 
illustrated in fig 11 

The observational points on the two curves corresponding respectively 
to logio^A? logioB =00 clearly refer to the same stimulation of 
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Column (1) 
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the eye, in fact, to zero stimulation, but there is a* significant difference 
between the values of logig T obtamed in the two runs The difference m 
question makes it impossible to bring the two curves into approximate 
oomcidence by any honzontal displacement although this impossibility 
cannot be regarded as evidence against the proportionality of /? and 
“Dnft ’ or ‘ day to day ’ variations of the 1 b i of the kind in question 
here are famihar and have already been discussed by Stiles (1929) and Stiles 
and Crawford ( 1934) They constitute a difficulty in dotermimng equivalent 
umform field brightnesses which can be overc ome only by repeated deter 
minations of the 1 b 1 values extending over a period Time could not bo 
spared to undertake further work on this point and the conilusion fioin 
these tests must be rostneted to the following 

The equivalent uniform field brightness giving the same 1 b 1 at a given 
extrafoveal point as a glare source of fixed position but vanable intensity 
Ef^ 18 proportional to E^ provided the condition of the eye as evidenced 
by the value of the 1 b 1 when the eye is adapted to zero stimulation remains 
imchanged 

According to formula (2) the amount by which the glare curve must be 
displaced to bnng it into coincidence with the uniform field curve is equal 
to logjQ(i' O’*) Column ( 10) of Table IV show s the values of the displacement 
required in the eight comparisons In the two compansons in which the 
two curves could not be made to coincide approximately over their whole 
length owing to the difference in the 1 b 1 at zero stimulation the displace 
ment given is that required to fit the curves at the higher values of log^ E 
(see fig 11) 1 he significance of the displacement in these cases is doubtful 
Column ( 1 1) of Table IV gives the value of k deduced on the assumption that 
the observed displacement equals jO *) and that the exponent n has 

the value 2 

e — Variation of (he Glare Angle 0 

To test formula (2) with respect to variation of the glare angle 0 it was 
necessary to determine two curves giving the vanation of the 1 h*i with 
umform field bnghtness m the absence of glare and the vanation with glaie 
angle when a glare source of constant intensity A’y is moved in a fixed plane 
contaimng the test spot direction 111 such a way as to vary the angle 0 
keepmg x constant The equivalent uniform field bnghtness /{ for each 
value of the glare angle 0 is determined from these two curves m a precisely 
similar manner to that already desenbed for determuung the eqmvalent 
umform field bnghtness corresponding to a glare source of fixed position 
and vanable intensity The results of the experiments are then lepresented 
graphically by plottmg (logjo ^ constant in each glare 
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angle run) against log^gd An example of a graph obtained in this way la 
shown in fig 12 

According to formula (2), if JS = 0 and is constant we shall have 
logic A = logic + logic* - n logig^ 

Thus the graph of (logjo A ~ logic ^n) agauist logjg^ should be a straight hne 
of slope ( - n) cutting the ordmate log^g^ = 0 at a value of (logio A “ logic ^s) 
equal to logjo* In the example of fig 12 the plotted pomte he reasonably 
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close to the continuous straight hne shown which has a slope of ( — 1 93), 
the corresponding value of logigJfc being 1 28 

Table V gives the details of the runs made for different positions of the 
test spot for the two subjects Except for the measurements with the test 
spot at 5° in the parafovea, the data are based on a uniform field curve 
determined in a single run, and on one or two glare angle runs For the 6° 
position more extensive measurements were made and the graphs of 
logio(A/®v) against logm^ based on the mean curves of three or four uniform 
field and glare angle runs for each subject are shown m fiig 13 

An examination of column (7) of Table V shows that the values of n 
deduced m each case from the slope of the best straight hne through the 




Extrafoveal Vtsion 276 

points of the appropnate graph similar to fig 12 range from 1 77 to 2 36 
with mean values for the four test spot positions equal to 1 97 and 2 04 for 
the two subjects No claim for great precision can be made for measurements 
of this kind but we are justified m concluding that our results show the 
approximate validity of formula (2) as representing the effect of variation 
of the angle of glare with a value of the constant n which is certamly nearer 



Logio^ 


Fio 13 

to 2 than to 1 6 or 2 6 and for which the value 2 may be assumed as repre 
sentative The corresponding values of log^o^ (column (8) of Table V) vary 
from 0 78 to 1 60 with means of 1 18 and 1 19 for the two subjects If 
instead of drawing the best straight hne to fit the vanation of (logm B - logj, E) 
with logiQ^ we draw the best straight hne of slope ( - 2) we get the log^g^ 
values shown m column (9) of Table V The mean values for the two subjects 
are 1 21 and 1 17 respectively 
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Teat spot 
position 
r = about 
6 6 ft 

B H C 6“ O'* 

10 7° 270“ 

23 6“ 90“ 

60“ 180“ 


6“ 0“ 

W S S 6“ 0“ 

9 7“ 270“ 

20 6° 90° 

48“ 180“ 


6° 0° 
Column (1) (2) (3) 


Table V 

Glare source 
position relative 

to test spot Glaie 

r=3 8ft source 

intensity logjoC 


X 

Range of 8 log 

n 


for n = 2 

190“ 

1 80“ 

i 7« 

2 02 

1 29 

1 29 

270“ 

1 92° 

i 76 

1 77 

0 78 

1 02 

45° 

2 90“ 

1 76 

2 04 

1 13 

1 08 

360“ 

7 6 91° 

i 76 

2 04 

1 50 

1 45 



Means 

1 97 

1 18 

1 21 

190“ 

12 102° 

2 30 

— 

— 

1 12 

190° 

1 80“ 

? 7b 

1 99 

1 07 

1 07 

270“ 

1 92“ 

i 66 

2 36 

1 44 

1 14 

90° 

3 92° 

i66 

1 93 

1 28 

1 36 

10° 

4 95“ 

i 74 

1 87 

0 96 

1 12 



Moans 

2 04 

1 19 

1 17 

190° 

12 105“ 

2 30 

— 

— 

1 61 

(4) 

(6) 

(0) 

(7) 

(8) 

(») 


As a representative value of Iog^Q^ we may take logmi = 1 20 or )t; = 10 
Ihe values of log^o^ (n = 2) given in column (9) of Table V and also those given 
in column (11) of Table IV are plotted against the angular distance of 
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the test spot from the fixation pomt, m fig 14 The straight hne graph 
shown in fig 16 was obtained by joining up the mean values of logmil: at 
the different angles mcludmg the value logj^ib = 1 for (foveal vision) 

which 18 taken as a representative value from previous investigations 
Unfortunately the scatter of the log,oi values is too great to reveal with 
certainty any variation of log^f^k with the angle although we may perhaps 
conclude that logui, is somewhat greater for extrafoveal than for foveal 
vision 

Some additional measurements of the 
variation of the 1 b i with glare angle 
were made for the 5° test spot position 
at very large glare angles 0 up to 100° 
and with a more powerful glare source 
than was used for the mam runs to ob 
tain a greater glare effect at large angles 
This was done in order to see what _ 
happens when the glare source moves ^ 
up to the limit of the field of vision | 

The derived values of logjo are ^ 

plotted against logjgd in fig 15 ^ 

The quantity of light from the glare ^ 
source which is admitted to the eye by J 
the pupil must clearly dimmish as the >3 
glare source moves away from the fixa 
tion direction i e a& <!> a increases In 
the absence of the corneal refraction the 
apparent area of the pupil from the 
glare source direction would equal the 
apparent area seen from the fixation 
direction multiphed by cos^o Owing 
to the comeal refraction the factor 

must be modified and the pupil Logio® 

will still have an area different from zero 15 

when equals 90° The angle ^ at which 

the apparent pupil area vanishes depends to some extent on the absolute 
size of the pupil and for a large pupil size (7 or 8 mm ) is of the order 
of 105° If <j>a exceeds the limiting angle any effect of the glare source 
on vision must be due to light diffusing through the sclera or possibly to 
secondary glare sources formed by the illumination of the nose eyehds or 
orbit In the absence of effects of this kind which we should expect to be 
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small the eqmvalent uniform field brightness must become zero whatever 
the intensity of the glare souroe when exceeds a value of the order of 105® 
According to formula (2), it is clear that, putting B ^0, fi cannot vanish 
unless Eff equals zero The modification to the formula which suggests itself 
18 to multiply Ej^ by the ratio R(^q) of the apparent pupil area as seen from 
the glare source position to the apparent pupil area as seen from the fixation 
pomt Ihe formula would then become 

+ (4) 

The ratio R(^a) calculated from the dimensions and refractive 

properties of the eye* and the computed values have been used to determme 
the relation between logifij Efj) and log^o^ for a test object at <f>j, = 5°, 
ijfj, — 0® and for a glare source m the azimuthal plane x ~ 1^°. putting 
B = 0 and n = 2 Choosing log^o^ suitably, the contmuous curves in fig 16 
represent the relation between logio(/?/ Efj) and log^j^ amved at in this way 
It IS seen that for one subject (B H C ) the expenmental points can be fitted 
closely with the computed curve For the other subject the agreement is 
less good Some further investigation of the effect of glare at very large 
angles is desirable 

The authors have pleasure in acknowledgmg the assistance rendered by 
Messrs F W Cuekow B Sc and H R Sayer in makmg the measurements 
given m this paper 

The work was earned out under the auspices of the lUummation Research 
Committee of the Department of Scientific and Industnal Research 


Summary and Conclusion 

The results of this mvestigation go to show that, withm the range of the 
vanable factors studied, the effect of a glare source at any point m the 
visual field on the 1 b i at any extrafoveal point is in general, the same as 
that produced in the absence of the glare source by a umform field of 
bnghtness kEi^jO’^ where n and k have values equal approximately to 2 and 
16 respectively, 6 is the angle between glare source and test pomt and 
18 the illuramatiou of the eye from the glare source No abnormal effect 
on the 1 b 1 IS observed when the glare souroe falls on the bhnd spot or on 
the fovea centralis It appears however that for certam positions of the 
test spot, different m different eyes, the effect of a glare source at a given 
• A note on these calculations will be published elsewhere 
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glare angle 6 may depend on the orientation of the glare source with respect 
to the test spot When the glare source approaches the limit of the field of 
view it is probable that the glare effect is determmed not by the eye 
dlummation but by the product of and where R is the ratio of the 
apparent area of the pupil viewed from the glare source position to its 
apparent area viewed normally At small angles, R differs httle from umty 
The special difficulties of extrafoveal measurements of the 1 b i and the 
“dnft” or ‘day to day variations of the Ibi make an exact test of 
the equivalence of a glare source and of a uniform field brightness impos 
sible, but we may conclude that for practical purposes the expression kEi^jd^ 
can be used with confidence m estimating the order of magnitude of the effect 
of a glare source on extrafoveal vision 

The fact that if we take any two pomts of the retina the effect of a hght 
source imaged at one point on the sensitivity at the other point as measured 
by the 1 b i , can be represented by a relatively simple formula for the 
eqmvalent uniform field brightness contaimng only two constants is 
remarkable and suggests a correspondmg simphcity m the mechamsm of 
the glare effect The view that the equivalent uniform field brightness 
corresponds to an actual illumination of the letina by scattering of the 
rays from the glare source m some part of their path m the eye, is capable 
of explaining quahtatively the mam features of the results obtamed 
However, difficulties are met with when a quantitative companson between 
theory and expenment is attempted A detailed discussion of the mechanism 
of the glare effect is reserved for a later communication 

Appendix 

Beat values of the constants k and n tn the formula for equivalent 
uniform field brightness for foveal vision 
The values originally obtained by Luckiesh and HoUaday (1925) were 
ifc=12 7 , n = 2 A further senes of measurements by HoUaday (1927) gave 
k ^ 9 2, n = 2 Stiles (1929) obtamed ^ = 4 2, » = 16 but worked down to 
an angle 6 = I*" at which the glare source actually encroached on the rather 
large test object (2“’ diam ) 

In fig 16 are plotted the values of log^^m against log^o^ taken from 
Table XI of the paper cited, where according to the formula, the coefficient 
m should equal kjO^ The straight Ime previously drawn through the pomts 
corresponds toJfc = 4 2, 7i = 16 (dotted hne m fig 16 ), but actuaUy the data 
are better fitted by the curve shown which is asymptotic for large values of 0 
to the straight hne correspondmg toi:= 7 , »=18 The deviation of the 
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plotted points from this line at the smaller glare angles may be attnbuted 
to the fact that at these angles there is a 
marked variation of visual sensitivity across 
the test spot which tends to overweight the 
parts of the test spot remote from the glare 
source and thereby to mcrease the effective 
glare angle An approximate estimate of the 
possible deviation due to this cause shows 
it to be of the nght order of magnitude 
to explam the observed results Thus, as 
revised values of k and n appropriate to 
glare angles not too small compared with 
the test spot dimensions, we may take 7 0 
and 1 8 respectively A similar correction 
to Luckiesh and Hollailay s results is too 
small to be worth applying 

A large number ot approximate deter 
minations of k and n have since been 
made by Crawford and Stiles (1935) usmg 
a special instrument for the measurement 
of equivalent uniform field bnghtnesses 
The means of all these results give A: =* 1 1 5 
and n = 2 00 The different values are col 
lected together in Table VI 

Table VI 

k n 

Luckiesh and Holloday (1925) 12 7 2 0 

Holladay (1927) 9 2 2 0 

Istiles (revised valuis) 7 0 18 

Crawford and Stiles (1935) 115 2 1 

Means 10 1 1 98 

Thus as approximate representative values for ^ and n for foveal vision we 
may take A, = 10, n = 2 
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On the Responses of the African Migratory Locust to 
Different Types of Background 

By M Hertz, Ph D and A D Imms, F R S 
Zoological Laboratory, Cambridge 
{Received 16 January 1937) 

Introduction 

It 18 known that the hoppers (or immature forms) of certain species of 
locusts, in the solitary phase, bear a marked colour resemblance to the 
immediate environment in which they are living They are, for example, 
green when living among fresh green vegetation, light brown on sand, 
speckled greyish white on white limestone rocks, and so on Faurc (1932) 
conducted a senes of expenments with Ijocustana pardalina (Walk ) and 
Locuata migratona subspecies migratorxoidea R and F m South Afnca 
His object was to discover whether there was only a coincidence between 
the prevaibng coloration of the hoppers of these two species and that of 
their environment, or whether a genume colour adaptation is involved 
He isolated a number of young hoppers, ot the same stock, placing each 
insect in a separate wooden box, provided with a sliding glass hd and reared 
It to the adult instar The wood of each box was painted on the inside with 
ordinary commercial oil paints and, when dry, the latter were compared 
with the coloured plates of Ridgway (1912) and named according to the 
tints which they resembled most closely The expenments of Faure were 
done out ot doors, and he recorded the general coloration assumed by each 
locust during and at the end of the exjieriments, noting them as ‘.‘good”, 
“fair”, “shght” or “none”, according to the degree of resemblance their 
coloration bore to that of the msides of the boxes He obtained a majonty 
of “good” or “fair” resemblances on white, black, grey, yellow and brown 
backgrounds in the boxes, and one striking resemblance on a black and 
white striped background No resemblance occurred when confined in 
boxes painted green, pmk, blue, or with black and orange stnpes Faure 
also earned out some other expenments on a smaller scale, such as usmg glass 
hds of the colours resembling those of the walls of the boxes, but these, as 
he states, were, on the whole, inconclusive He brought forward evidence, 
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however of great importance as regards the production of green hoppers 
These he found did not result in response to a green background and were 
only produced in the presence of a moist atmosphere and an abundance 
of succulent food He further showed that the green colour producing 
substance was spectroscopically very different from chlorophyll and 
prepared extracts showed none of the characteristic fluorescence 

The present paper describes experiments which have been made with a 
view to deterinimng the relation between the general coloration of the 
hoppers and tlie wave lengths of the effective colours forming different 
backgrounds 


Material and Methods 

The locusts used in this w irk were Locuata migratoria subsiiec les migra 
torioides R and h which is kept bleeding from generation to generation 
in the Entomological lield Station at Cambridge The onginal stock was 
obtained as eggs from near Khartoum in 1933 For the purpose of the 
present investigation only the progeny of locusts in the gregarious phase 
was used They w ere ktj t m a small glasshouse where the temperature was 
controlled by means of a thermostat this prevented cooling down below 
a minimum level but at times during bright sunshine the temperature 
rose considerably The mean temperature during the expeiiments was 
approximately 32 { Ihe relative humi lity in the glasshouse was kept as 
near to 60 % as possible In each colour tost fifteen locusts weie used and 
four tests involving sixty 1 icusts were going on at the same time Each 
locust was placed as early as possible after hatching from the egg in a 
separate Petn dish (10 cm in diameter and about 2 cm in height) where 
it remained until the end ol the fifth instar In order to allow for mcrease 
in the size of the locusts during growth the lid of each dish was kept shghtly 
raised by means of wire when the insects reached the third mstar Each 
batch of fifteen Petii dishes forming a single experiment was placed m 
a tray measuring 63x32 cm and 9 cm high The four trays employed 
simultaneously were lined with papers of different colours The locusts 
were fed once daily with grass which has proved to be a satisfactory food 
under the conditions stated The humidity within the dishes varied according 
to whether the grass was obtained during wet or dry conditions If the 
conditions within the Petn dishes became unduly humid there was an 
moreased tendency for the locusts sooner or later dunng development to 
become green as Paure had already observed If on the other hand 
conditions became too dry the mortahty among the locusts moreased The 
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greea forma, as will be referred to later, were aigmficant from the present 
standpoint, owing to the fact that parts of the abdomen and legs showed 
colour changes in general conformity with those forms which exhibited the 
full colour response 

The coloured papers used for hmng the trays were the standard Ostwald 
papers manufactured m Leipzig The following fourteen colours were 
employed (of the full-coloured Na senes) 

Ostwald No 2= Light codmuim of Ridgway 




4 = Salmon oi anyt' 




«= Scarlet 




7 = Sjiectrum red 




1 1 = Pansy violet 




1 2 = SjxKsti uin violit 




13 = Phenyl blue 




14= Spectrum blue 




16= Oxide blue 




18 = Italian blue 




21 =Skoboloff grcoii 




22 = Emerald green 




23= Wllow green 




24 = 016001111 yellow 



In addition to these colours, white, black, grey and also striped backgrounds 
were used The black was a very rough paper, apt to absorb light as com- 
pletely as possible Black and white backgrounds were produced by 
painting a black pattern on the undersides of the Petri dishes, which were 
then placed in a tray which was hned with white paper After the colour 
tests had been earned out, seven of the coloured papers employeil, which 
had given the most significant results, were examined for then sjiectral 
properties by Messrs Adam Hilger and Co , Ltd , of London The spectrum 
reflected from the coloured surface was compared photometrically with 
that reflected from a magnesium oxide surfaexj whicJi is considered to 
represent an absolute white The curves shown in figs 1 and 2 express the 
percentage of reflected light of different wave-lengths In nil these expen- 
ments as much direct light as possible was admitted and the dark framework 
of the glass roof over the experimental table was concealed by means of 
a “ ceihng ” of white papier. Only on a few occasions, when there was a risk 
of the Petn dishes becommg too hot and dry, bright sunshme was screened 
off by an outside blind In another set of expienments, instead of normal 
dayhght, only coloured hght was allowed to fall on the Petn dishes Two 
colour screens, made of cellophane, stretched over frames, were used one 
of these was yellow and the other violet WearemdebtedtoBr C B. Allsopp, 
of the Physical Chemistry Laboratory, Cambridge, for determining the 
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percentage of light of different wave lengths transmitted by the cellophane 
(v%de fig 3) The cellophane was replaced twice by new sheets in order to 
preclude the risk of its fading durmg the expenments 

Only the visible part of the spectrum is represented m figs 1-3 because 
the ultra violet of normal daylight was not considered to be a factor m 
these expenments smce it would have to pass through the glass of the 
roof of the house and the lids of the Petn dishes before reaching the eyes of 
the locust Even less of any possible ultra violet hght would reach the eyes 
of the locusts by reflection, since it has to pass twice through the glass 
bottoms of the Petri dishes before it can exert any possible influence 

The colours assumed by the hoppers as the result ot the different expen 
ments are described m terms of the Ridgway ( 1912 ) colour standards 
A final statement was made when the insects attained the end of the fifth 
instar Owing to the fact that no locust is quite umforraly coloured, 
personal judgement has to come in when descnbing their colour type The 
face, for example, is always bnghter than the rest of the body, the under 
parts of the abdomen are paler than the upper and there is a vanable 
pattern always to be taken into account It needs to be pointed out, 
however that the colour effects were desenbed from observations made 
simultaneously and by M Hertz throughout Locusts from different 
coloured trays were compared with one another as well as with the Ridgway 
standards and m this way it is hoped that inaccurate compansons have 
been avoided 

Dunng the experiments those hoppers which died during the first 2 or 
3 days were replaced by others of the same age those dying later were 
not replaced 

Experiments with Whitb Illumination (Daylight) 

ON Different Backgrounds 

I Hoppers on Black, White, Grey and Striped or Spotted Background — 
These expenments were carried out dunng February 1936 when the day 
hght was poor No hoppers died after the first mstar 

(а) Black background two hoppers were sooty black four dark grey, 
mottled with black two browrash (rangmg from snuff brown to sacoardos 
umber and sepia, R XXIX*) seven became green, more or less mottled 
with dark shades 

(б) White background five hoppers very pale (Tilleul buff) in the fourth 
mstar, became hght browmsh m the fifth instar (rangmg from wood brown 

• These symbols refer, m aU oases, to the plates in Ridgway (1912) 
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to avellaneous and vinaceous buff, R XL) seven hoppers, colonial buff 
and ivory yellow (R XL, XXX) in fourth inatar, became green, sometimes 
more or less whitish green in fifth instar 



Fio 1 — Percentages of rays of different wave length m the rcfli'clerl light from 
backgrounds of A, sj)ectriini red, B, scarlet, C, salmon orange, anil D, emerald 
green (In this flg , and m figs 2 and .3, a and b mark respectively the positions of 
purest yellow and blue for the human eye The ordinates denote jicri outages and 
the abscissae show wave lengths m A ) 

(c) Neutral grey background five hoppers were more or less pure grey, of 
the shade of the background three showed more colour (different shatles 
of drab, R XLVI) seven became more or less green 

(d) While and black background the background was either striped or 
spotted (the stnpes and spots ranging between 3 and 6 mm m diameter) 
no conspicuous pattern was noted on the hoppers four hopiiers were pure 
grey five more or less browmsh grey of the same shades as those in (c). 
six became green 
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II Hoppers on Salmon Orange Pansy Vtoht Black or Orey Background — 
These expenments were earned out dunng March and April 1936 when 
the daylight was better No hoppers died after the second instar 

(a) Orange background many hoppers became green dunng early 
development six became orange brown diinng third and fourth instars 
the bnght parts of the body such as the face were ochraceous orange 
while other parts were ochraceous tawny to buckthorn brown (R XV) 
Of these six hoppers one retained this coloration until the end of the fifth 
instar while the others became green all the green hoppers had orange 
brown stnpes on the abdomen and orange brown legs 

(fe) V%olel background no hopper developed any orange or yellow five 
became pure grey (darker shades of mouse grey or neutral grey R LI 
and LII) until the end of the fifth instar with some brown only on the 
wings and considerable pattern Remaining hoppers became green with 
the legs and stnpes on the abdomen pure grey without any orange 

(c) Black background all the hoppers became sooty black with the 
exception of three one of these latter was behmd in development and 
was brownish the other two were green greatly spotted with black 

(d) Orey background hoppers became very similar to those in I (c) 
the grey colour was not so pure or dark a grey as those on violet 
background 

III Hoppers on Skobeloff Oreen Emerald Oreen Yellou Green and 
Oreenish Yellow — This expenment was earned out dunng Apnl and May 
There was a shght increase in mortality 

(а) Skobeloff green background hoppers began to lose colour dunng the 
third instar in the fourth instar the difference between those on this blue 
green background and those on other green colours began to be very 
conspicuous In the fifth instar eight hoppers wore rather jiure grey (hght 
olive grey to olive grey R LI) four hoppers weie more brownish (drab) 
(R XLV) with a tendency to become green three hoppers were blue green 
with pure grey stnpes on the abdomen and grey legs 

(б) Emerald green background one hopper became the most bnUiant 
orange (ochraceous orange R XV) noted in any of these expenments ten 
hoppers showed different shades of orange browui (clay colour wood brown 
chamois honey yellow R XXIX XXX) two were very light (deep 
colomal buff R XXX) four were yellow green with orange brown stnpes 
on the abdomen and a similar colour on the legs 

(c) Ydlow green background all the hoppers were hght or pale no orange 
coloured examples developed six ranged from chamois to honey yellow 
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and clay colour, R XXX, XXIX) four were green with brownish stnpes 
on the abdomen and a similar colour on the legs. 

(d) Oreenxsh yeUow background six hoppers ranged from ochraceous 
tawny and ochraceous buff (R XV) to naples yellow and mustard yellow 
(R XVI), these colours varying m darkness seven hoppers were green with 
orange brown legs 



Fin 2 — Percentages of rays of different wave length in tlie reflected light from 
backgrounds of A, Skobeloff green, B, Italian blue, and C, spectrum violet 

IV Hoppers on Spectrum Red, Phenyl Blue, Spectrum Blue and ()x%de 
Blue — The ex^ienments with these colours were earned out dunng May 
when general conditions were drier fewer hoppers became green but the 
raortahty was increased 

(o) Spectrum red the hoppers developed a rather dark greyish colour 
without any orange or brown until the fifth instar In this instar they 
began to develop shades of brown, five becoming bone brown and three 
were somewhat paler, snuff brown to olive brown (R XL, XXIX) two 
became dark grey and one blue-green with grey stnpes on the abdomen and 
grey legs. 

(b) Phenyl blue- one hopper developed a slight indication of brownish 
colour while all the others became pure grey — rather pale with darker 
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pattern — until the fourth instar At the end of the fifth instar eleven were 
uniformly more or less dark grey 

(c) Spectrum blue without exception the hoppers became pure grey 
At the end of the fifth mstar eleven became grey of lighter shades than m 
the case of IV (b) where the blue background is more reddish Two became 
green with pure grey stniies on the abdomen and grey legs 

(d) Oxide blue the hoppers became very j^ale (pale ohve grey R LI) of 
these ten had a much darker greyish pattern while one hopper showed 
a shght trace of brown 

V Hoppers on Light Cadmium Yellow Scarlet Spectrum Violet and 
Italian Blue — Dunng those experiments which were made m June the 
food was very dry and only one hopfier developed green coloration At the 
end of the month very hot weather with bright sunlight impinging on the 
hds of the Petn dishes caused the death of many of the hoppers Since the 
majority had reached the fifth inslar the expenment was closed 

(o) Light cadmium yellow no very bright or full colours developed and 
seven hoppers became yellowish old gold honey yellow or chamois 
(R XVI XXX) 

(6) Scarlet the colour response developed rather slowly In the fourth 
mstar and at the beginning of the fifth mstar nine hoppers assumed the 
duller shades of orange brown buckthorn brown ochraceous tawny or 
clay colour (R XV XXIX) 

(c) Spectrum violet the hoppers became very pure grey difienng as to 
shades of darkness in different individuals One hopper became green with 
pure grey stripes on the abdomen and pure grey legs 

(d) Italian blue the hoppers became a very light pure grey three of 
them were almost whitish some darker but all had a distinct dark pattern 
on the thorax 

On the whole in Exp V the hopiiers developed moie pattern than m 
any of the other experiments Two individuals one on scarlet and the 
other on hght cadmium yellow showed so much dark pattern that in 
general appearance their coloiation was very near that assumed by hoppers 
m the greganous phase 

VI Hoppers in Wire and Zinc Cagea — Since the experiments m which 
white and black stnped or spotted backgrounds (No 1) were used had 
given no result which might confirm Faure s suggestion that the pattern 
of the background might be reproduced to some degree by the hoppers 
further tests were earned out These were done with the object of mcreasmg 
the differences m the bnghtness of the patterns employed Twenty cylindncal 
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cages, each 20 cm high and 10 cm m diameter, were made from three 
different types of perforated zmc and from fine wire netting The perforated 
zinc had holes 2, 4, and 8mm m diameter respectively, the mtervemng 
metal between the holes was approximately 1, 2 and 3 mm in width, 
respectively The wire netting was of 0 6 mm wire, the meshes bemg 
1 6 mm across Each cage was lined with transparent colourless cellophane 
in order to preclude the escape of the young hoppers The twenty cages 
were placed upon a w hite background in as full daylight as possible Owing 
to the height of the cages, the hoppers wore able to move away from the 
immediate vicinity of the food and thus rest in a somewhat dner atmosphere 
This appears to account for the fact that none of the twenty hoppers used 
in the expenments turned green 

The results of these expenments are given below — the colour assumed 
by each hopper in the fifth instar bemg recorded 

(o) JVire netting cages 

(1) Dark grey, with very httle pattern 

(2) Similar to (1) 

(3) Very umformly grey 

(4) Similar to (3) 

(6) ‘ Drab”, dark pattern only on thorax 
(6) Perforated zinc cages (2 mm holes) 

( 1 ) Dark grey, with but httle pattern 

(2) “Drab ’, dark pattern only on thorax 

(3) Similar to (2) 

(4) Similar to (2) but with jiattein on thorax slightly more distinct 
(6) Similar to (4) 

(c) Perforated zinc cages [4mm holes) 

(1) Dark grey, with very little pattern 

(2) Light grey, with very little pattern 

(3) “Drab’ , with dark pattern on thorax 

(4) Similar to (3), but with dark pattern shghtly more distinct 

(5) Similar to (4) 

(d) Perforated zinc cages (8 mm holes) 

(1) Very umformly grey 

(2) Grey, very httle pattern 

(3) “Drab”, very httle pattern 

(4) Similar to (3) 

(6) Sinular to (3), but with more pattern on thorax 
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None of the hoppers in the foregoing expenments (VI) showed any 
marked differences from those reared on a uniformly coloured background 
The different background patterns afforded by the cylmders therefore 
cannot be stated to have exercised any noticeable influence 

VII Effects of Background Colours on Newly Hatched Hoppers — In the 
expenments already descnbed it was constantly observed that the first 
instar hopjiers varied considerably in coloration among themselves — before 
being used for expenmental purposes The following expenment was 
undertaken with the object of determining whether this vanability is an 
hereditary factor or whether it is due to environmental or other influences 
which became operative soon after the hoppers emerged from the eggs 
Jour lots of hoppers of ten individuals each which had just issued from 
the eggs and had not as yet developed any coloration were taken Each 
lot was placed in a Petn dish without food and the four dishes were placed 
respectively on backgrounds of salmon orange pansy violet white and 
black After 48 hours pronounced colour differences developed Hoppers 
on the white background all became much hghter coloured than those on 
the black those on pansy violet background all became pure grey and 
only those on orange background showed any orange coloration The 
hoppers were then isolated each being placed in a separate Petn dish and 
fed in the usual manner Those which were placed originally on orange and 
on violet backgrounds were now transferred to grey (near to neutral grey 
of Ridgway) while those which were originally on black or on white back 
grounds were transferred to black The differences between the four original 
lots remained well defined up to the end of the second instai In the third 
instar these differences completely disappeared and the hoppers showed 
an evident assimilation to the new backgrounds 

The expenment proves that the optical effect of the background is very 
strongly marked m newly hatched hoppers dunng the first 2 days — when 
the first colour response becomes evident If the background be changed 
dunng later mstars it requires much longer than 2 days before a noticeable 
difference in coloration develops 

VIII Crovoded Hoppers on a Blue Background — It has been stated m 
a previous expenment that certain blue backgrounds result in the pro 
duction of very pale grey hoppers without any development of orange 
The blue background colour obviously inhibits the development of orange 
yellow In order to ascertain the possible effect of such a background on 
the coloration of the hoppers m the crowded condition twenty hoppers in 
the first instar were placed in a glass cage on a background of Italian blue 
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Ostwald paper No noticeable influence waa observed The crowd developed 
the normal coloration assumed by hoppers in the gregarious phase In this 
connexion it may be noted that in none of the hoppers reared under 
greganous conditions in Cambridge is quite the same coloration developed 
as described by Faure in South Africa Faure (p 354) identifies the orange 
colour in the hoppers studied by him as being orange rufous of Ridgway 
(II) Under the conditions in Cambndge the orange coloration is always 
less bnlhant and paler and comes nearest to ochraceous orange of the 
Ridgway senes (XV) 

Experiments with Varied Illi mination on Varied Backgrounds 

I Hoppers kept on Whihe or Black Backgrounds under Yellow or Violet 
Illumination — Two trays similar to those previously used were lined with 
white and the other with black paper They were covered with a frame 
across which was stretched transparent yellow cellophane In this way 
predominantly yellow hght (see fig 3B) was transmitted to the Petn 
dishes in the trays and reflected by the background In the same way a 
frame of violet cellophane (fig 3A) was placed over two other trays lined 
with black and with white jiaper The number of hop])ers and of Petn 
dishes used were the same as those descnbed in the previous expenments 
with backgrounds of vanous coloured papers 

It needs to be mentioned that for a few minutes daily the hoppers were 
exposed to dayhght while the food was changed in the dishes 

On black bac kground under both yellow and violet screens the hoppers 
developed were much the same coloration as those kept on black background 
under rather poor daylight illumination (Exp I (o)) Many of the hoppers 
became green but two under the violet screen and a similar number 
under the yellow screen became sooty black during the thud or fourth 
instar 1 he remainder develoyied orange brt wn in dull and dark shades of 
a vaned character 

On white background not a single hopper develo] cd either a ])ure grey 
or black colour under yellow or violet screens They all became more or 
less dull shades of orange brown duiing the third and fouith instirs 

II Hoppers kept in the dark — Two of the usual trays lined with black 
paper were placed one over the other so as to form a lightproof dark 
chamber Fifteen hopiiers each in a separate dish were reared under 
these conditions They were exposed to the hght for a few minutes daily 
during renewal of the food The hoppers soon became pale c oloured and were 
a very hght colourless grey at the beginning of the third instar Subsequently 
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they began to develop, very slowly, some coloration, becoming drab grey 
and light drab (R XLIV) to avellaneous and wood brown (R XL) In the 
fifth instar all the hoppers turned more or less green, evidently owmg to 
the effect of the high humidity, mduced by increased amount of food, 
under the confined conditions to which they were subjected 



Fig 3 — Percontagos of rays of different wave length m the transmitted light through 
scriH-ns of A, violet cellophane and B, yellow cellophane 


DiscUvSsion of the Results 

In the foregoing expenments, with the umque exception of hoppers 
reared on black, no complete adaptation to the colour of the background 
was observed in any instance Nevertheless, the effects of the background 
colours are very clear The hoppers reared upon various backgrounds may 
be desenbed as being colourless or coloured By colourless is imphed the 
development of more or less black, so that the hoppers assumed different 
shades of a pure grey Coloured hoppers were more or less orange yellow, 
blended with a variable amount of black pigmentation, with the result that 
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they assumed many different shades of darker or paler purer or duller 
coloration 

The Ridgway colour standards have a chromatic scale of thirty six 
saturated or full colours from which more than 600 paler or darker 
dull or broken colours are derived by the addition of greater or 
lesser amounts of neutral grey black or white The colours develoiied by 
the hoppers on backgiounds of scarlet salmon orange light cadmium 
yellow green greenish yellow and emerald green are without exception 
to be found m the Ridgway senes undei three mam senes only (i e 15 17 
and 19) This mchcates that the colour component in the coloration of the 
hoppers is invanably a mixture of 80 % orange and 20 „ yellow or 65 % 
orange and 35 % yellow or 47 ^ orange and 63 y yellow On the other 
hand the non colour component vanes very greatly and is responsible for 
the hoppers appearing in different tints or shades in the sense used 
by Ridgway Other colours were only observe I m the hoppers in very 
few cases On spectrum red background for instance a very dark brown 
was noted (bone brown) Tlus has a colour component of 91 orange and 
9 % yellow (senes 13) together with a large non colour component Among 
hoppers reared on bkobeloff green a very pale grey (light ohve grey) 
coloration was assumed This grey comes under the Ridgway senes 23 
which implies a small colour component of 100 % yellow together with a 
large non colour component Ihe lightest coloured hoppers or those which 
developed the smallest amount of black were reared on a background of 
the Ostwald colour paper yellow green (No 23) 

The colours of the hoppers reared (o) in the dark (6) on a white back 
ground under yellow or violet illumination (c) on a white background in full 
illumination together with those which did not become black or pure grey 
on black or grey backgrounds are found also m the Ridgway colour senes 
16 17 19 and 21 The palest mdmduals of the coloured group were reared 
on a white background or m the daik the formei develojod relatively 
more orange yellow and the latter relatively more black 

The hoppers which as a rule never developed any colour but assumed 
different shades of pure grey were reared upon the following backgrounds — 
pansy violet spectrum violet phenyl blue spectrum blue oxide blue and 
ItaUan blue The differences m paleness or darkness as the case may be 
were not very regular or conspicuous but taken os a whole the darkest 
hoppers of this group were reared on pansy violet background and the 
palest hoppers on oxide blue and Itahan blue 

It may be stated therefore that the optical conditions of the background 
colour and illummation strongly influences the amount and proportion m 
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which black and orange yellow la developed The actual colours involved, 
however, are none other than those normally present in hoppers reared 
under ordmary conditions m the gregarious phase In order to ascertain 
which of the hght rays reflected from diflerent backgrounds, are responsible 
for inducing the colour responses m the hoppers, the spectra obtained from 
the different papers used were compared The graphs for Itahan blue and 
spectrum violet (flg 2 B and C) represent spectra which exercised no colour 
effect The spectia of the other blue and violet papers are not figured, since 
they would only differ in the amount of leflected violet and red By the 
shapes of the curves B and C m fig 2 it is concluded that those rays which 
stimulate the production of the orange yellow coloration of the hoppers 
must lie between the limits of yellow i e appioximately 5500 and 6000 A 
If there are rays mlubiting the production of orange yellow such rays must 
he outside these hmits On Italian blue only very jiale hoppers are produced 
the greater jiait of its rays lies between 5000 and 4500 A and therefore 
this part of the spectrum may be regarded as a coloui inhibitor With 
Iskobeloff green (fig 2 A), which produced pale but not quite colourless 
hoppers, only a small part of its sfiectium lies between 5500 and 6000 A 
the blue part of its sjiecti um is also weak The graphs for scarlet and salmon 
orange and emerald green represent the mosteffective colours (fig 1 B f,D) 
Ihey each include a large percentage of rays between 5000 and bOOOA 
Emerald green (fig 1 D ) has a very high percentage of rays of about 6500 A, 
and it 18 evident that when inhibition occurs of orange yellow it is due to rays 
considerably shorter than these Ihe fact that 8].iectrum red produces only 
dark coloured hoppers suggests that rays longer than 6000 A ai e not efiective 
either in colour production or m colour inhibition The effect of a red back- 
ground 18 the same as that of a very dark surface 

The region of the siiectrum which is common to the most diversely shaped 
curves of effective colour producing spectra, viz emerald green and scarlet, 
IS the actual part which represents pure yellow (6770 A) for the human eye 

It has just been mentioned that hoppers reared on Skobeloff green and 
spectrum red backgrounds show very shght coloration Those on the 
former background, however, show more yellow and those on the latter 
more orange than hoppers reared on papers of the mtermediate colours 
These facts appear to mdicate that rays between 6600 and 6770 A favour 
the development of yellow and those between 6770 and 6000 A favour that 
of orange 

The normal mixed daylight, when reflected from a white background, 
of course contains a large proportion of yellow and, therefore, colour 
producing rays, but the hoppers do not develop a bright orange coloration 
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m this case On the contrary they appear in these expenments very pale 
and dull coloured The conclusion is therefore drawn that mixed dayhght 
contains a range of colour inhibitmg rays which can only be (m accordance 
with the results of other expenments) those shorter than 5000 A 

The amount of black coloration of the hoppers seems to depend only 
upon the difference in the intensity of the hght incident from above and 
reflected from the background On a black background nearly all of the 
locusts became black when the illumination was very blight daylight with 
frequent sunshine only very few became black when the illumination was 
rather poor dayhght or it the hght was tiansniitted through the yellow 
or violet screens 

In the same way the high proportion of black admixed with the c oloration 
of the hoppers reared on siiectrum red shows that the longest rays of the 
visible spectrum are ineflective or daik Tlie pale or bright appearance of 
those hvmg on blue proves that the rays near the oppi site end of the 
visible spectrum are very bright for the locust hot the same reascii 
yellow green appears also to be very bright tor the insect 

The fact that the hoppers become dull shades of orange brown when 
hght that contains no wave lengths of 5500-0000 A (violet screen p 291) is 
reflected trom a white background requires explanation because the optical 
effect exercised from the background alone is in tins case very similar to 
the effect of white hght reflected from a violet backgiound (compare 
figs 3 A and 2 C) Ihe only difference lies in the quahties of the incident 
hght which is violet in the one case and white in the other With white hght 
impinging on a violet background there is a remarkable contrast between 
the incident and reflected hght and pure grey hopjiers result With violet 
hght impinging on a white background there is no such contiast and 
orange brown hoppers are produced Ihe conclusion is therefore drawn 
that contrast between the incident and reflected hght is necessary to effect 
control of the coloration of the hopjiers and so to bring about adajitations 
to the adjacent backgroimd 

With regard to the production of green hoppers it needs to be stressed 
that such forms do not result m response to green or other coloured back 
ground They are produced as the result of high huinichty and are mde 
jiendent of background mfluence Ihe production of gieen forms can be 
absolutely precluded by lowering the humidity to the requisite degree 
These dry conditions however entail such high moitahty that the value 
of the expenments becomes vitiated The balance between the nght 
humidity to keep the hopjiers ahve and healthy and at the same time to 
preclude the production of green forms has been found difficult to attain 
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consistently under the conditions of these expenraents. This appears to be 
due to the threshold of humidity, leading to the production of green forms, 
differing in individual hoppers While the green hoppers do not show a 
background response m so far as their general coloration is concerned, 
certam parts of the body, e g the legs and the longitudinal stripes on the 
abdomen, are frequently coloured differently It will be noted on reference 
to the records of many of the experiments (pp 286 - 288 ) that the legs and 
abdomen, in the green forms, assume the same general coloration as is 
betrayed by non-green hoppers exhibitmg the full background response 
The effect of a given background, therefore, is betrayed to a limited degree 
in the coloration of green hoppers, and the latter may, consequently, be 
regarded as supplementary indicators in the expenments concerned 
Hoppers with the most striking patterns did not result from expenments 
usmg conspicuous patterns as backgrounds (Exps I {d) and VI) but from 
accidental conditions involving external heat and drought (p 288 ) No con- 
firmation 18 afforded, therefore, of Faure’s suggestion that the pattern, 
sometimes develoiied by locusts hvmg under solitary conditions, is con- 
trolled by the optical effects of the background 

In connexion with the foregoing exjieriments with Locuata, reference 
needs to be made to results obtained by various uivostigators with another 
Orthopterous insect, viz Carauaius (Dixtpptia) moroaua (Fam Phasmidae). 
In Germany the colour changes shown by this insect have attracted the 
attention of several recent workers, notably Giersberg (1928), Atzler (1930) 
and Pnebatsch (1933) Caraustua is able to produce more or less pigmenta- 
tion according to the nature of the background, as is the case in Loctiata 
It 18, furthermore, able to respond to sudden changes in background colora- 
tion by movements of the pigment granules in the hypodermal cells The 
pigment granules become aggregated or diffused according to whether the 
insect becomes paler or darker in its general colour. The darkemng of the 
animal depends upon differences in the mtensity and quahty of the light 
mcident from above and reflected from below When the under-parts of 
the eyes are covered with black paint the same darkening effect is produced 
as with a black background On the other hand, when black paint is applied 
to the upper halves of the eyes, or over the whole of these organs, no such 
result 18 obtamed The incident hght is most effective when composed of 
short waves and is less effective when long waves are used Carauaiua may 
become either green or brownish in different degrees of darkness, but it 
never becomes pure grey on blue or violet backgrounds, or bnUiantly 
coloured on orange or yellow surfaces. Its capacity for colour adaptation 
m these directions, therefore, is less perfect than is the case with Locuata. 
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The prunary sensation of the background coloration is received through 
the eyes and acting on the visual centre of the brain apparently induces 
the secretion of a hormone mto the blood It would appear therefore 
that it IS this hormone which activates the movements of the pigment 
granules Destruction of the optic ganglia or of the tntocerebral region 
of the brain causes all colour response to cease In the case of Locueta it 
18 also very probable that the colour eflFeots operate through the eyes This 
conclusion is supported by the fact that a black background in bnght 
illummation gives an absolutely different effei t as compared with darkness 
It 18 also probable that hormones are produced through visual stimulation 
which control the develoiiment of the different pigments 

Si MMARY 

1 — Hoppers (nymphs) of the African migratory locust were reared 
separately upon different backgrounds from the first instar up to the end 
of the fifth instar 

2 — With the umque exception of hoppers reared upon a black back 
ground no complete colour adaptation was observed but the effects of 
different backgrounds were clearly defined 

3 — The coloration of hoppers reared under sohtary conditions is funda 
mentally the same os that of hoppers in the gregarious phase None other 
than black and orange yellow is produced 

4 — The background only influences the amount and proportion of the 
orange yellow and black produced If a large proportion of yellow rays 
(5600-0000 A) 18 reflected from the background the production of orange 
yellow m the hoppers is much stimulated If there are no rays of this kind 
but a larger proportion of those shorter than 6000 A the hoppers become 
colourless pale grey If the amount of these shorter rays is not so great 
the hoppers become a darker grey 

6 — If only very httle bght of rajs shorter than 6000 A is reflected but 
a larger amount of longer rays the hoppers become dark brown 

6 — The foregoing statements refer to incident rays composed of mixed 
white dayhght which result in a definite contrast being produced between 
incident and reflected light 
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Preparation of Pure Cytochrome c from Heart 
Muscle and some of its Properties 

By D Keujn, F R S and E F Hartrke, Ph D 
From the Molteno Inahtute, University of Cambridge 
{Received 4 February 1937) 

Introduction 

Theorell described recently (1935 1936) a large scale method of prepara 
tion of cytochrome c from ox heart 

Accorduig to this method minced muscle m defatted with acetone and benzol 
dried pounded washed thiti tiinos with watei and extract) d with decmormal 
Bulphiu-ic noid The extract is neutrah/ed, the prooipitati centrifuged off and the 
fluid considerably reduced in bulk by evaporation The solution is then fractionated 
with ammomum sulphate giving Anally cytochrome containing 0 17 % of iron which 
IS about 60% pure further puiihcation was carried out by adsorption on barium 
sulphate and elution with decmormal HCI or by adsorption on cellophane, which is 
sectioned with a freezing microtome and elution with dilute ammonia 

The final steps of purification according to Theorell, give samples of 
cytochrome contaimng 0 34 % of iron The yield of this material, which 
Theorell nghtly considers to be pure cytochrome, is approximately 1 g per 
100 kg of heart muscle 

In this paper we desenbe a new and much simpler method for the pre 
paration of pure cytochrome c with an iron content of 0 34 % This new 
method has the advantage of ehminatmg the laborious preliminary stages 
of defatting and drying the muscle pulp, the reduction of the first extract 
to a small bulk and the final stages of adsorption on cellophane, sectiomng 
the latter, and elution 

Our method consists only m direct extraction of freshly mmoed heart 
muscle with trichloracetic acid followed by a fractional precipitation with 
ammonium sulphate and trichloracetic acid The yield of pure cytochrome 
by this method is considerably higher than by Theorell’s method and 
corresponds m our estimation to about 70 % of the total cytochrome c in 
the heart muscle 
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Smaix-Soale Peepabation 

One ox heart is carefully freed from fat and ligaments and minced very 
finely with a Latapie mmcer After pressing out the blood as far as possible 
m a hand press, the pulp llOOg is mixed with llOOcc 0 16N* (2^%) 
tnohloraoetio acid and allowed to stand at room temperature for 2 hr with 
occasional stimng The pH of this mixture is approximately 4 The fluid is 
pressed out, neutrahzed to about pH 7 with caustic soda, and centnfuged 
for 10 mm The clear flmd 1330 c c so obtamed shows strong absorption 
bands of reduced cytochrome together with weak oxyhaemoglobin bands 
It IS treated with ammonium sulphate (60 g per 100c c ) filtered and the 
filtrate, 1700 0 o , now free from haemoglobm, is treated agam with am 
momum sulphate (6g per 100 c c ) and left overnight m an ice chest The 
pH of the mixture is about 4 9 Next day the liquid is filtered and, while 
still cold, treated with one fortieth of its volume of 20 % trichloracetic 
acid bringing the pH of the mixture to 3 7 Withm 10 mm the spectrum 
of reduced cytochrome disappears and the cytochrome is completely pre 
cipitated m the oxidized foim The sustiension is centnfuged for 10 min 
the bnght red deposit shaken with 600 c c saturated ammonium sulphate 
solution and centnfuged again The red sohd is transferred to a cellophane 
sac by means of about 20 c c distilled water and the mixture dialysed tor 
2 days at 4° C against 1 % sodium chlonde solution The content of the 
sac 18 shaken with a few drops of chloroform and filtered to yield about 
30 c c of a clear dark red solution containing 0 182 g pure cytochrome the 
iron content of which is 0 34 % 


Larger Scale Preparations 

For preparation on a larger scale, the Latapie mmcer is replaced by a 
“No 500 ” geared mmcer,')’ giving a very fine mince upon which the success 
of the extraction depends About 0 kg of minced muscle of ox h§art which 
corresponds to about six hearts can be easily extracted under ordmary 
laboratory conditions by foUowmg the method described above This 
amount of mmee gives nearly 1 g of pure cytochrome For most of 
our work, however, cytochrome was prepared from horse heart muscle 
which, besides being easier to handle, mvanably gave a much liigher 
yield Thus, 6 kg of mmoe obtamed from 3 to 4 hearts gavo 1 68 g of 

• Checked by titration using phenolphtlialein 

t This mmoer is siippliod by G Rushbrooke, Ltd , Charterhouse Street London, 
EC I 
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pure cytochrome c with an iron content of0 34% le 16xl0*g atom 
iron of cytochrome per kg of muscle The only difference which can be 
noticed durmg this preparation is that after neutrahzmg and centrifuging 
the first extract it remains shghtly opalescent This difference however 
does not mterfere with the further steps of purification 


Estimation of Pumty oi Cytochrome c in Solution 

Ihe solutions thus obtained are of a dark browmsh red colour and show 
a strong absorption spectrum of oxidized cytochrome On reduction with 
NajS204 the colour of the solution turns bnght pink and the absorption 
spectrum of oxidized cytochrome is replaced by the two charactenstic 
strong bands of reduced cytochrome c No change in this absorption 
spectrum is apparent on addition of either pyndine or haematm thus 
showmg that the cytochrome solution is free from unbound haematm and 
also from nitrogenous substances capable of givmg haemochromogen with 
free haematm 

The punty of cytochrome is estimated from the ratio of iron to the dry 
weight obtained after removal of sodium chloride from the solution by 
dialysis As cellophane strongly adsorbs cytochrome durmg dialysis m 
absence of salts it is necessary either to dialyse against dilute ammoma 
(0 880 ammoma diluted 200 times with distilled water) which is ultimately 
removed m a desiccator over sulphuric acid or to dialyse it m parchment 
diffusion shells agamst distilled water 

Some loss due to adsorption by parchment takes place durmg this 
dialysis but this loss is comparatively small 

The iron m the salt free solution of purified cytochrome is estimated by 
the oa dipyridyl method (Hill and Keihn 1933 ) which consists m destructive 
oxidation by means of alkalme HjOj of the tetrapyrrohc nucleus of cyto 
chrome The iron thus hberated is treated with oa dipyndyl m presence of 
a reducer The resultmg red colour is compared with a senes of standard 
tubes contammg from 10 ® to 10 *g atom iron per 1 and differmg from 
each other by intervals of 6 % 

Estimated m this way the iron in salt free solutions of punfied cjrto 
chrome was found to represent 0 34 % of the total solids which agrees 
with the highest value obtamed by Theorell The eqmvalent weight of 
cytochrome c is thus 10 600 

A prelimmary mvestigation has been made by Mr G S Adair of the 
osmotic pressure of cytochrome c solutions in M/15 phosphate buffer 
pH 6 8 usmg small volumes of dilute solutions Only a rough approximation 
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to osmotic eqmlibnum was obtained as a certam amount of cytochrome 
was absorbed by the membranes The provisional results for the molecular 
weight agree withm 10 % with the equivalent weight determined by iron 
analysis 

Attempts were made to fractionate cytochrome of this punty (1) by 
adsorption on gelatinous calcium phosphate and elution with alkahne 
phosphate (NajHP04 or Na8P04) (2) by fractional precipitation with 
trichloracetic acid in presence of ammomum sulphate and (3) by pre 
cipitation with lead acetate In no case however were fractions obtained 
m which the iron content exceeded 0 34 % 

The concentration of cytochrome c in vanous fractions of the preparation 
can be easily estimated from the height of the absorption bands of the 
reduced pigment Speotrophotometnc examinations of pure cytochrome 
have confirmed the results previously obtained by Dixon Hill and Keilm 
(1931) namely that for the absorption at 6497 A 

log4^® = cdx 0 02x10* 

where c is the concentration of 03rtoohrome iron m g atom per c 0 and d is 
the depth of hquid exammed Using a Hilger Nutting spectrophotometer 

givmg direct readings of logi^^® and cells 2 cm long 
c = logio^®xl 86x10 * 

Samples of stock solutions to be estimated are accurately diluted 30 50 
times with very dilute Na2HP04 and reduced with Na2S204 


Tablb I 


Preparations 

Purity of 
cytochrome 

Yield of 
oytocl rome 
ing 100 kg 
inuBclo 

g atom of 
cytochrome Fo 
oxtrao ted/kg 
muscle 

Theorell (1935) ox heart 

100 

1 

6x 10 

Theorell (1936) ox heart 

60 

4 16 

2 6 X 10 • 

Deecnbed in this paper 

(0) ox heart 

100 

10 6 

10 » 

{b) horse heart 

100 

26 4 

1 6x 10 * 


The results of these estimations of punfted samples agree within 3-4 % 
with the estimations of total iron by the aa dip3mdyl method 
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Pbepabation of Cytochrome c from a Hot Aqueous Extract 
OF Heart Muscle (Kochsaft) 

1600g of minced horse heart muscle is mixed with 1600 o o of 0 002 N 
acetic acid and slowly heated to 80° C with stirrmg After keeping at this 
temperatme for 10 mm the mixture is pressed out through cloth, cooled, 
and neutrahzed with NaOH to pH 7 3 The fluid is filtered through a fluted 
Chardin paper giving 21 of a clear flmd oontaimng a large amount of 
cytochrome c and a little haemoglobin This flmd is treated with 1013 g 
ammomum sulphate and 416cc 0 02N ammoma The mixture is filtered 
and the slightly cloudy filtrate 2380c o, is treated with 119c c 20% 
trichloracetic acid 

On centrifuging, a pink cake is obtained which is washed with saturated 
ammomum sulphate solution, suspended m 20-30 c c water and dialysed 
against 1 % sodium chlonde solution until completely free from sulphate 
1 c c of this solution has dry weight (loss on igmtion after drying) of 
17 6 mg and contains 2 6 mg of cytochrome 

The preparation obtained m this way is only 14 % pure and yields 18 3 g 
of cytochrome c per 100 kg of muscle Such a preparation, although it can 
be used for most of the expenments with cytochrome, is not as suitable as 
the previous one for the isolation of the pure pigment 

Properties of Pure Cytochrome c 

Pure cytochrome c obtamed from heart muscle has the same properties 
and the same absorption spectra m the oxidized and reduced states as 
cytochrome c extracted from baker’s yeast We shall examme here only 
a few properties of cytochrome c which have not been previously described, 
and we shall discuss also some of our previous results which have not been 
generally accepted 

( 1 ) Strong solutions of pure cytochrome c exammed spectroscopically 
have never revealed the presence of the two additional absorption bands m 
the red region of the spectrum described by Bigwood and his co workers 
( 1933 ) It IS obvious that these two bands do not belong to cytochrome c 
They belong probably to an oxidation product of either cytochrome r or 
of some other intracellular haematm compound 

In fact we could find these bands only m a few old preparations of cyto- 
chrome obtained from yeast and kept at room temperature exposed to air 
In one case a solution turned green, and the only bands then present were 
those at the red end of the spectrum 
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(2) Oxidized and rednoed cytochrome c are tnvalent and divalent iron 
compounds respectively The transition from reduced to oxidized cyto 
chrome is a true oxidation reaction aocompamed by a change m valency of 
the iron 

Contrary to the views expressed by bhibata and his co workers (1930) 
cytochrome does not combine loosely with molecular oxygen and never 
forms oxygenated compounds similar to oxyhaemoglobm In fact oxidized 
cytochrome c which shows a typical parahaematin absorption spectrum can 
be kept a long time and even boiled in a vacuum tube m complete absence 
of oxygen without undergomg reduction 

(3) Reduced cytochrome does not easily oxidize in air and does not 
combine with CO within the physiological range of pH It can be shaken 
with oxygen in complete absence of reducing substances without undergomg 
oxidation On prolonged shakmg or long standmg in air it will gradually 
oxidize especially if the sample is not pure Such oxidation is however 
very slow and has no biological significance h or all practical purposes we 
can consider cytochrome c as a non autoxidizable haeraatin compound 

(4) Cytochrome becomes autoxidizable however below pH 4 when the 
parahaematin spectrum changes mto that of acid haematin On the alkahne 
side it becomes distmctly autoxidizable at pH 1 2 Reduced cytochrome c 
begms to combme with CO at pH 12 6 and forms a CO compound at pH 13 
This compound is very sensitive to light rapidly dissociating when exposed 
to hght dunng spectroscopic examination and reforming m the dark On 
neutrahzing the alkahne solution of cytochrome it reverts completely to its 
ongmal state and loses the properties of reactmg with oxygen and carbon 
monoxide 

(6) Reduced cytochrome c as was previously shown (Keihn 1930) is 
easily oxidized by potassium femcyamde copper salts and hydrogen 
peroxide The oxidation by HjOj however was recently denied by Theorell 
(193s) who found that HjO^ only destroys cytochrome We have found 
that the destructive action of H^Oj is only marked when an excess of HjO, 
18 added to an alkahne solution of cytochrome and this reaction has been 
used for the liberation and estimation of cytochrome iron (Hill and Keihn 
1933) In a slightly acid solution a very small concentration of HjO* 
oxidizes reduced cytochrome without destroying it 

(6) Biologically cytochrome c is oxidized only by mdophenol oxidase and 
reduced by some dehydrogenase systems Catechol oxidase however has 
no effect on reduced cytochrome 

(7) On boiling a solution of oxidized cytochrome c it turns yellow brown 
and the parahaematin absorjition spectrum disappears completely On 
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cooling, the colour and absorption spectrum return to the ongmal state 
The boiling and coolmg aooompamed by these changes m colour and absorp- 
tion spectra can be repeated several tunes without affecting the properties 
of cytochrome The reversible change in the absorption spectrum of oxidized 
cytochrome c produced by warming is a general property of aU the para- 
haematm compounds It is probably due to a temporary dissociation of 
the mtrogenous compound from the haematin nucleus The latter, liberated 
as neutral haematin, does not show a distinct absorption spectrum 

On the other hand, boilmg the reduced cytochrome c in complete absence 
of oxygen has no effect on its colour and absorption spectrum Only in 
presence of a trace of oxygen does the reduced cytochrome become rapidly 
oxidized on boilmg, and behaves then as a true parahaematm compound 

(8) Cytochrome c does not form compounds with substances such as 
cyamde, sulphide, fluonde, azide, hydroxylamme or peroxides which 
combine with methaemoglobm, catalase, and peroxidase 

(9) The only substance with which cytochrome c reacts and forms a 
reversible compound is mtno oxide 

Reaction op Cytochrome with NO 

The study of this reaction was earned out in complete absence of oxygen 
m Thunberg tubes from which oxygen was removed by evacuatmg the 
tube, washing it several times with pure mtrogen, and then frllmg it with 
pure NO drawn from a mercury gswometer 

Three tubes contaimng brownish red solutions of oxidized cytochrome 
at pH 6, 6, and 7 and showmg distinct absorption spectra of the para- 
haematin type are filled with NO in absence of oxygen The colour of the 
solutions in all cases changes almost immediately to a carmine red and the 
parahaematm absorption spectrum is replaced by two very strong bands 
a — 565 mp and;?— 630 mp (fig 1) 

The reversibihty of the reaction can be demonstrated as follows Oxidized 
cytochrome brought to pH 6 with acetate buffer (4 c c ) is placed m a 
Thunberg tube with 0 06 c o 16 % sodium sulphite On treating the 
solution with NO and shaking it for a few seconds, the NO-cytochrome 
spectrum appears On standmg, this absorption spectrum is replaced withm 
2 mm by that of oxidized cytochrome, owing to absorption of NO by the 
sulphite On shakmg the solution again the NO cytochrome compound 
reappears, and then disappears on standing This reversible change can be 
observed four times, after which a mixture of reduced cytochrome and the 
NO compound is obtained 
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For experiments with reduced oytochrome and NO an even more rigid 
exclusion of oxygen is essential owmg to the strong oxidizmg action of 
NOg on cytochrome The experiment is therefore earned out m a double 
limb Thunberg tube one limb of which contains reduced cytochrome 
solution at pH 7 while the other contains alkaline Na^SgOg solution which 
removes the last traces of oxygen On filling the tube with pure NO and 



Fig 1 — Absorption speotrura of NO oytochrom compound compared with that of 
reduced oytochrome Ordinate absorption coefficient per gram atom of cytochrome 
iron abscissa wave length m m/t 


shaking it the reduced cytochrome remains unchanged Admission of a 
bttle oxygen leads to the immediate and complete formation of the NO 
oytochrome compound 

It 18 thus apparent that NO combmes only with oxidized cytochrome 
giving a well defined compound with two distmct absorption bands at 
666 and 630 m/t We have noticed however that if a little NagSgO^ is added 
from the hollow stopper of the Thunberg tube to NO cytochrome compound 
the absorption bands shift to 672 6 and 632 6 m/( become very difiiise and 
are very slowly replaced by those of reduced oytochrome This compound 
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may be either the reduced haematm of cytochrome or the reduced NO 
cytochrome compound which cannot be obtained however from reduced 
cytochrome treated with NO 

Determination of Some Amino Acids in Cytochrome c 
The comparatively easy method of preparation of pure cytochrome c 
enabled us to prepare a sufficient amount of material for the determmation 
of a few ammo acids of this compound 

Acid Hydrolysis of Cytochrome c 
103 c c of cytochrome solution containing 1440 mg of cytochrome was 
refluxed for 4 hr with twice its volume of concentrated hydrochloric acid 
in an all glass apparatus and then evaporated to dryness The residue was 
dissolved in water evaporated to dryness twice the dark residue boiled 
with distilled water (300 1 c ) and the suspension treated with hot baryta 
solution until alkahne to thymol phthalem The flocculent brown precipitate 
was Altered off and the banum m the filtrate and washings precipitated 
at 100° by its equivalent of sulphuric acid After filtering off the banum 
sulphate a practically colourless solution was obtained and in this way the 
use of charcoal or other decolonzers with the consequent risk of loss of 
amino acids was avoided 

The separation of the mono amino acids from diamino acids was effected 
by evaporatmg the solution to dryness and following the method descnbed 
by Hanke and Koessler (1920) using 100 c c 16% phosphotungstio acid 
The solution of diamino acids was finally made up to 11 (solution A) 
Cystine was estimated in solution A by the method of Fohn and Marenzi 
(1929) arginine by the method of Jean (1934) and histidine by the method 
of Jorpes (1932) The total mtrogen in A was determmed by the Kjeldahl 
method and the lysine by difference assuming that A contamed only the 
four diamino acids The results of these determinations compared with the 
average results obtained by previous authors on horse haemoglobm are 
given in Table II 

Table II 


Ammo aci la 

cytochrome 

% m 

haemoglobin 

Ai^gmine 

66 

3 67 

Cystine 

1 1 

0 74 

Histidine 

7 8 

8 13 

Lysme 

9 1 

B 31 

Tryptophane 

09 

2 38 
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Tryptio Digestion of Cytochrome c and the Determination 
OF Tryptophane 

20 cc solution contauung 213 mg cytochrome c was incubated in 
presence of toluol and chloroform for 8 days at 37° C with 6c c dilute 
ammoma (prepared by diluting 0 880 ammonia forty times) and 0 2 g fresh 
pancreatin The solution was then boiled filtered cooled and made up to 
60 c c with distilled water It was reddish brown m colour The tryptophane 
was estimated colonmetrically by the method of Komm and Bohnnger 
(1924) and the percentage was found to be 0 94 


Summary 

A simple method is described for the preparation of pure cytochrome c 
from heart muscle The method consists only in extraction of heart muscle 
with tnchloracetic acid and fractional precipitation of the extract with 
amraomum sulphate 

By this method 10 kg of heart muscle of ox or horse give respectively 
1 65 and 2 64 g of pure cytochrome with an iron content of 0 34 % The 
equivalent weight of cytochrome c was found to be 16 600 The molecular 
weight of cytochrome determined by osmotic pressure (Adair) was found 
to be of the same order of magmtude 

The absorption spectrum and other properties of cytochrome c extracted 
from heart do not differ from those of cytochrome c obtained from baker s 
yeast 

Cytochrome c as was previously shown is not easily autoxidizable and 
does not combine with CO within the physiological range of pH It reacts 
with oxygen and CO only at pH above 12 The oxidation of reduced cyto 
chrome is accompamed by a change in the valency of its iron Reduced and 
oxidized cytochrome are therefore divalent and tnvalent iron compounds 

Cytochrome never forms with oxygen a loose oxygenated compound 
similar to oxyhaemoglobm 

Biologically cytochrome c is specifically and very rapidly oxidized by the 
tissue oxidase (mdophenol or cytochrome oxidase) 

The properties of cytochrome c are not affected by repeated boding and 
coohng 

Cytochrome does not combine with cyarade sulphide fluoride azide and 
peroxides Oxidized cytochrome forms a reversible compound with NO and 
this compound has a very characteristic absorption spectrum composed of 
two distinct bands at 566 and 630 mp 
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A Comparative Study of the Brains in Pleuronectidae 

By H Muib Evans 

{Communicated by Sir Henry Dale, F B 8 — Received 24 June 1930 ) 

PART I THE MEDULLA OBLONGATA, AND ITS VARIATIONS 
ACCORDING TO DIET AND FEEDING HABITS 

In previous communications to this Society the relationship of the habits 
of feedmg and diet to the form and pattern of the medulla oblongata has 
been described m the cyprmoids, clupeids, and gadoids (Evans, 1931, 1932, 
1935) This research takes up a similar study of the bram of the Pleuro- 
nectidae The expense has been borne by a grant from the Royal Society 
for which the author tenders his grateful thanks It has seemed to be 
desirable to extend the observations to the fore- and mid-brain, as m some 
members of the family these present a very marked development In order 
to elucidate some of the problems that arise I have also studied the brain 
of the eel, and some mterestmg conclusions have resulted. 
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We find, as a result of examination by the naked eye and of senal 
sections, that we can divide the followmg species mto foiu: groups as 
foUows 

I The sole, Solea wigans 

II The plaice, PkuronecUs ptatessa, the lemon sole or lemon dab, 
Pleuronectes muyrocephalvs , the witch, Pleuronectes cynoglossus, the dab, 
Pleuronectea hmanda 

III The turbot, Rhombtis maxtmus, the bnll. Rhombus laevis, the 
megnm, Amoglossua megastoma 

IV The hahbut, Htppoglossua vulgar%8 


peb 

ol 
elm 
a t 
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Sole Eel 

Plate I 

Lettering of Plates I IV 

peb primitive end bram, o I optic lobes, elm cerebellum a t acoustic tubercles, 
sal somatic sensory lobes , v vagal lobes olf olfactory bulbs Halibut, inferior 
asx^t ^ * lobus inferior , a v saocus vasculosus , p g pituitary gland o n optic nerve , 
med medulla 

The asymmetry of the head, the upward aspect of the eyes, and the 
crossmg of the optic nerves have been fully discussed by many authonties , 
but as, for practical purposes, those parts of the brain which concern us are 
nearly symmetneal, I do not propose to make any further reference to 
these characteristic features 

Outline drawings of the brains of groups I IV 

Group I IS typified by the sole , the brain of the eel has been included for 
purposes of comparison In the sole the primitive end brain is very large , 
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the optic lobes are small the somatic sensory lobes are large and globulsir 
and have been wrongly desonbed as facial lobes In the eel the pnmitive 
end brain and olfactory bulbs are still larger the optic lobw are somewhat 
larger than m the sole the somatic sensory lobes are more elongated and 
their anterior extremities are not so globular 

Group II The plaice has a smaller primitive end brain than the sole 
the optic lobes are very large and each is convoluted so as to make it 
bilobed the medulla compared with that of the sole is less promment and 
more elongated and the rhomboid fossa is narrow and sht like The 
brains of the lemon solo the witch and the dab are very similar to that of 
the plaice but the optic lobes are not bilobed although in the lemon sole 
a prominent lateral bulge is seen anteriorly 




Dab 


Plate II 

Group III The turbot may be taken as a typo The olfactory bulbs 
and corpus stnatum are markedly smaller than the corresponding areas m 
the^previous two groups but the optic lobes are large the somatic sensory 
lob^ are more rounded and especially in the turbot are wider and the 
medulla oblongata is not so elongated It will be noted that m none of these 
groups does the facial lobe appear on the surface although m group II we 
shall see that it is quite well developed The picture of the brain m 
group III 18 very similar to that which I have descnbed in those Gadidae 
that have largely a diet of fish 

Group IV The brain of the habbut presents a similar picture to that 
of the turbot but the optic lobes are somewhat bilobed 
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Halibut 
Plate IV 


Technique of Histological Examinations 

As in my previous comraumoations, the brain was fixed m Bourn’s fluid 
and then hardened m successive strengths of alcohol The sections w ere 
stained with Delafield's haematoxybn and counter-stamed with picro- 
mdigo-carmine The formula of the picro-indigo-oarrame used was 
A Saturated solution of picnc acid m 90 % ah'ohol 
B Saturated solution of mdigo-carmine in 70% alcohol 
Mix in the proportion A 1 volume, B I volume, 70 % alcohol 6 volumes 
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Thb Medulla Oblongata of the Sole 
In the physiological senes of the Catalogue of the Royal College of Surgeons 
(Bume 1902) the medulla is descnbed as ‘ fairly long with a pair of very 
promment lobes (facial*) upon its dorsal surface” The suggestion that 
these lobes are facial is not borne out by a study of senal sections Com 



Fig 1 — bole 


Lettenng of Figures 

/ 1 facial lobe , gl b gt great longitudinal secondary gustatory tract , n atnh nucleus 
ambiguus , m tv motor tract of vagus sal somatic sensory lobe , dm cerebellum , 
a m stratum moleculare, a g stratum granulosum, cal central acoustic lobe, Vlln 
facial nerve, d/ V, descending hbres of Vth nerve, a t acoustic tubercle, d J Vlln 
descendmg fibres of facial nerve , vent ventricle , n r nuclei rotundi , 1 1 lobi infenores 
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me JM iin g at the caudal extremity the vagal lobe » seen to be rather 
narrow and not promment Anterior to the vagals the facial lobes appear 
as small spherical areas (in section fig 1) resting on the dorsal extremities 



Fio 2 — Solo 

of the vagals more anteriorly fibres are to be seen passing downwards and 
outwards from the facial lobes mto the great secondary gustatory tracts, 
these lobes do not extend far in an antero xiost^nor direction neither do 
they mcrease m size to any extent laterally The facial nerves are small 


Vol cxxii— B 
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and do not enter the medulla until the tip of the cerebellum appears m 
section (fig 2 ) when they pass transversely towards the middle line and 
then turn caudadly cuid run parallel to the ventnole before entenng the 



Fio 3 — Sole 


lobes The somatic sensory lobes completely envelope the facials they 
extend a long way m the caudo cephalic direction and gradually morease in 
size anteriorly so as to form the two promment bulges which are seen m 
the naked eye view The acoustico lateral areas are large and the size of 
the lateral hue nerves as they enter the postenor crura is remarkable 
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At tiie base of the oeiebellum, and at first separate from it, is a broad band 
of tissue roofing the ventncle, on the infenor margin of which are to he 
seen groups of round cells, with trsmsversely running fibres dividing them 
(figs. 2, 3) , this structure is similar to the areas which I have desonbed 
in the cyprinoid bram, and, on grounds of comparative anatomy, have 
associated with an auditory function This central acoustic lobe is well 
marked in the herring and m Mormyrua, both of which possess elaborate 
auditory organs, it is noted m the surface-feedmg cyprmoids of Europe, 



Fio 4 — Eel 


India, and the great lakes of Africa, but is rudimentary or non-existent m 
the bottom-feeding species , it also appears to present m those, fish that 
are known to possess sound-producing organs. The question therefore 
arises, How are we to account for its presence m the sole* 

Before discussing this problem, it seems necessary to give the results of 
am exaunination of the medulla oblongata of the eel Fig 4 is a section 
across the hmder end of the somatic-sensory lobes of this species, which are 
of some size On the right the facial nerve is seen runmng transversely 
towards the middle Ime and ending m an oval-shaped area which produces 
a slight bulge into the rhomboid fossa, which is very deep and narrow. 
Below the descending fibres are seen entering the great secondary gustatory 
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tract m the typical maimer. Although the facial lobe does not project on 
the surface, it is well developed and extends a considerable distance in an 
antero-posterior direction — approximately 7 mm. There is no central 
acoustic lobe in the eel, but the acoustic tubercles are large and prominent, 
as seen in fig 5 , their relations to the cerebellum sure umque The dorsal 
end of each acoustic tubercle bends sharply towards the middle Ime and 
joins the cerebellum, the stratum granulosum of which is divided mto 
halves and separated by an area of stratum mdeculare The result of this 
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fusion IB to make a V-shaped projection into the cerebellum of tissue com- 
posed of coarsely granular substance, with the apex of the V pointing 
medially (fig 6) 

If the cerebellum is traced more antenorly, it will be noticed that, in 
contrast with the formation of most teleost brains, it is divided mto two by 
an extension of the ventricle medially, and that this extension ends just 
above the dorsal margin of the stratum granulosum (fig 7) 

It will be wise to consider for a moment two important facts m the 
anatomy of the sole, which have a close relationship with its brain con- 
figuration. 
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The first is the well-known presence of the papillary area on the lower 
or left side of the head. Bateson (1889) states that “contrary to expecta- 
tion these vilh do not bear sense organs’’, of the nature of taste buds, and 
my own independent observations confirm this fact, although it has been 
denied by Cunningham , but it accords with the evidence, given above, that 
the facial lobe is very small We should expect to find it well developed if 
there were taste buds present in this area The observation explams also 
the great size of the somatic-sensory lobe Bateson also describes the 
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these organs ore of two kinds, superficial and deep Moreover, both of these 
eels bunt their food with their noses 

As IS well known, ‘ the sole is nocturnal m its habits, and is caught more 
finquently at night than by day and m the daytime more frequently when 
the water is cloudy than when it is clear The sole seeks its food more by 
sense of smell and touch than by sight, and in the Insh Sea prefers worms 
(nereids) to any other form of diet ’ {Jenkins 1925) “According to 
Cunnmgham (1896) the sole is distinctly a shoal water fish The stomachs 
of thirty SIX soles were exammed and m eighteen the food consisted of 
manne worms Small fragments of the shells of bivalves were found, but 
these seemed m most oases to have been attached to the tubes of tube 
building worms although small bivalves were sometimes found entire 
The throat teeth are pointed and slender and cannot serve for orushmg 
shells as do those of the plaice Twenty five per cent of the stomachs 
contained eohmoderms mostly sand stars Crustacea were found m 1 1 % 
In soles caught off the west coast of Ireland it was found that worms were 
most frequent then echmoderms, then molluscs then crustaceans and, 
lastly, fish m a few oases The eohmoderms were mostly bnttle stars, or 
sand stars among the molluscs were smaU specimens of the razor shell , 
the crustaceans were usually small sand hoppers or shrimps , the fish small 
sand eels ” When searching for food the presence of which it recognizes by 
the smell, the sole gUdes gently about over the sand tapping with the 
lower side of the head m order to feel with the sensitive filaments there 
The sole is one of the flat fishes most addicted to burying themselves m the 
sand or gravel leaving only the eyes exposed It is commonly held by 
fishermen m the North Sea that soles not only cover themselves whep light 
IS directed upon them, but bury themselves during penods of mtense cold 
Russell states that they take no notice of a worm dangled above them , 
but Bateson observed that they perceive objects approachmg them, for 
they will bury themselves if a stroke is made with a landing net He adds 
that soles, eels and rockhngs have a clear appreciation of light and 
darkness, always being buned durmg the day and swimming about m the 
tank at mght ” 

In the description of the brains of the conger and the eel m the physio 
logical senes of the Catalogue, of the Royal College of Surgeons we find In 
front of the medulla of Angu‘Ula vvlgana the several regions of the bram are 
of approximately the same size, and each is more or lees clearly bilobed 
The bram appears to consist of four pairs of rounded equal sized nodules 
The antenor pair (olfactory bulbs) are shghtly pointed m front and give off 
two large olfactory nerves ” In the conger eel {Conger wlgarts) “the bram is 
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more elongated than in AnguiUa. It is remarkable for the large size of its 
olfactory centres ” “ The olfactory bulbs are of great size and are separated 
from the cerebrum by short peduncles” (just as in the sole). “ Each receives 
an immense nerve from the olfactory organ. The right bulb hes partly 
below the left, much as m the sole ” “ The thalamencephalon is remarkably 
long for a teleostean, forming a narrow neck between the cerebrum and the 
moderately developed optic lobes,” a description which applies almost 
equally well to the condition found m the sole 

It appears from the above descnptions that the eel type of olfswtory 
organ is associated with a very large olfactory lobe, and it is remarkable 
that we find this tj^ in only one family of flat-fish If we consider the 
diet of a yellow eel and its habits, we find that, accordmg to Tate Regan 
(1911), it feeds principally at night, its diet is chiefly worms, small fish, 
cray-fish, etc , although the larger ones are practically ommvorous. 

We have now to consider how these habits of feedmg and this diet are 
reflected in the pattern of the medulla oblongata and also m the develop- 
ment of the optic lobes and of the olfactory organs and lobes In the first 
place we note that the olfactory system is highly developed in the sole and 
that it conforms to the type found m Anguilla and Conger vulgaris 
Secondly, the optic lobes are small, as in the eel, and are m marked contrast 
with the large lobes of the plaice The somatic-sensory lobes are very 
prominent and have been mistaken for the facial lobes, but it appears 
from the study of serial sections that the latter are minute , and this is to 
be expected, when it is remembered that taste buds are absent not only 
from the bps and mouth but also from the papillary area on the under- 
surface of the head A surprising fact is the presence of a well-marked 
central acoustic lobe, which hitherto 1 have noted only in fish that are 
beheved to have a considerable power of hearing As a general rule, it 
appears that a central acoustic lobe is well marked when the facial lobe is 
small, and vice versa. The question arises, why the sole possesses a central 
acoustic lobe , and I suggest that it is a reasonable assumption to attribute 
an auditory function to this area, at least we can assume 'that it is 
associated with the perception of vibrations The tapping of the sand, so 
characteristic of the sole’s method of hunting, remmds one of the thrush 
feedmg on our lawns, tappmg and listening for the hidden worm. Sea- 
birds, such as certam gulls and the sheldrake, tap for worms m the same 
way on our shores If this conclusion is accepted, it is clear that tke sole 
fee^ by smell, touch and hearing, represented centrally in the olfactory, 
somatic-sensory, and central acoustic lobes, all of which are markedly 
developed. On the other hand, the eel feeds by smell, taste and touch, 
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represented centrally in the olfactory, facial and somatic sensory lobes 
In both the sole and the eel the habit of night feeding is associated with the 
small size of the optic lobes 

When we turn to the consideration of group II we notice that the 
difference m the naked eye appearances of the brains of the sole and the 



sv 
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plaice 18 much accentuated in the microscopic picture The two large scaJe 
drawings across the middle of the optic lobes (figs 8 9 ) show the very great 
prominence of the tectum optioum of the plaice compared with that of the 
sole these figures also show the details of the lobi infenores which will be 
discussed later m this paper 

The medulla of the plaice is taken as the type of the second group, and 
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the medulla of the witch will also be desonbed because it presents the 
peculiar anatomical feature of blister hke cavities on the lower side of its 
head The chief characteristic of the former is that it is long and narrow 
the somatic sensory lobes are not promment as m the sole they meet 
antenorly m the imddle and postenorly the rhomboid fossa forms a deep 
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cleft The facial nerves arc seen m the drawmg (fig 1 0) to be of considerable 
size they pass transversely mwards and then turn caudally The facial 
lobes are U^e and form a shght bulge m the walls of the rhomboid fossa 
they eue capped by the fifth lobe and are not evident m a naked eye 
examination their descendmg fibres form a strong band passing down 
wards mto the great secondary gustatory tracts More caudally the nucleus 
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ambiguus appears, but the vagal lobe is of very moderate size (fig. 11). 
The great difference m size between the facial lobe of the plaice and that of 
the sole is, no doubt, to be associated with the presence of taste buds in the 
plaice, which have been described on the palate by Bateson 

There is no central acoustic area or lobe In the witch the somatic- 
sensory lobe IB also narrow and long but projects dorsally, so that it has 
considerable depth , the facial lobe is very similar to that of the plaice, but 
is not so large, and produces no bulge m the wall of the rhomboid fossa , 
and there is no central acoustic area 

Bateson, writing on the olfactory organ of Pleuronectes, states that the 
plaice, flounder, lemon-sole, dab, as well as the haUbut (Hippoglossus vul- 
garis), “have only one row of olfactory plates, arranged in a smgle series in 
a direction parallel to the long axis of the body and not transversely to it.” 
This IS in sharp contrast with the condition that is found in the sole. 

Steven (1930), wnti^g on the bottom fauna and the food of fishes, 
dwcnbes the feedmg behaviour of the lemon-sole, which depends on eye- 
sight to discover its prey, and forages pnncipally by day At Plymouth its 
diet 18 solely marme worms and annelids “Tubiculous annebds unless 
himted discreetly disappear to safety down their tubes The lemon-dab is 
always on the move. It comes to rest m a characteristic attitude with the 
head and forepart of the body raised well off the bottom. Bemainmg 
perfectly still in this position, it scans the ground with its very prominent 
and movable eyes. Should it then spy a worm cautiously emergmg from its 
burrow, it pounces upon it with a kind of forward leap, bringing its mouth 
down almost vertically upon its victim by a strong archmg of the anterior 
part of the body ” “The plaice and dab behave in a similar manner when 
searching for food but they do not raise the head quite so high before they 
pounce.” 

Cunningham (1896) states that "the plaice feeds chiefly on bivalve shell- 
fish, whose shells it is easily able to crush by means of the strong blunt 
teeth in its throat, but it also eats sea-worms In the Firth of Forth the 
bivalve most commonly found in the stomachs was a small species called 
Scrobtcularta, and next in frequency was the razor-shell, Sdlen , cockles and 
clams were also present. Of the worms all kmds were devoured — sea-mouse, 
lug-worms, rag-worms and tube-worms ” Sand-stars were sometimes eaten 
and an occasional shrimp, but fish rarely. “The witch favours marine 
worms , they were present in 72 % of the stomachs examined, Oustacea in 
30 %, moUuscs m 14 % and echmoderms m only 3 % ” “Dabs from the 
Firth of Forth feed mostly on Crustacea These occurred m 48 % of the 
stomachs. Next in abundance were echmoderms, namely sand-stars and 
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brittle-stars, which amounted to 21%. Molluscs were less commonly 
present, and worms occurred in only 16% of the specimens, sand-eels and 
small herrings in only fi%. On the other hand, m St Andrew’s bay the 
echinoderms emd worms form the staple diet, occurring m 43% of the 
stomachs.'’ 

Itwill beseenfrom theabovefaots that themembersof group II are entirely 
bottom feeders, and the t3rpe of bram that characterizes these fish is in accord 
\rith their mode of huntmg The olfactory organs are moderately developed, 
while the optic lobes are very large The facial lobes are also well marked, 
but the somatic-sensory lobes are less promment, as one would expect in 
fish which are not predatory m their habits and are well provided with taste 
buds. Considenng their habitat, it is not surpnsmg that there is no sign 
either of an acoustic lobe or central acoustic area We have not been able 
to observe specialization of any area in the brain of the witch, which could 
be associated with the blister-Uke cavities on the lower side of the head 

The Medulla Oblongata of the Tuebot 

The third group is typified by the turbot; senal sections of the bram 
have been studied both of this fish and the megruju. The medulla of the 



turbot IS remarkably broad anteriorly, the somatic-sensory lobes are large 
(fig 12), and project more prommently as one travels caudally, when they 
become separated fixim each other and overlap a somewhat quadrilateral 
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rhomboid fossa (fig 13), the lateral margins of which bulge slightly through 
the inward projection of the small facial lobes The nuclei ambigui are 
very marked and the vagal lobes large (figs. 14, 15). In the drawings there 
will be noted a great thickening of the bning of the ventricle , this is most 
marked in fig 14 The lower margin is here V-shaped and occupied by a 
fan-shaped area of tissue. The free edge of this is Imed with cihated epi- 
thelium, beneath which are small pear-shaped cells from which fibres pass 
downwards and then form a fine meshwork Around the dorsal and lateral 
margins there are several layers of small round cells The acoustic tubercles 
are not prominent and there is no central acoustic area The cerebellum is 



characterized by the extent of the stratum granulosum, which occupies 
the greater part of the tissue, leavmg only a narrow margm of stratum 
moleculare The medulla of the megnm is not broad, like that of the turbot, 
but this 18 compensated by its greater depth It has a well-marked somatic- 
sensory lobe and a small facial lobe, which does not project so much mto 
the rhomboid fossa , but we notice the same thickemng of the limng of the 
ventricle as that desenbed above There are small acoustic tubercles with 
no central acoustic area The cerebellum is of the same type as that of the 
turbot, with a very large area occupied by the stratum granulosum The 
features characteristic of this group are the large somatic-sensory lobes and 
small facial lobes, and the absence of a central acoustic area, whereas the 
second group had less marked somatic-sensory lobes and well-developed 
facial lobes. 
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The food of the turbot aooording to Cuniungham oonaists almoet 
entirely of other fish It is a predaceous creature On the west coast of 
Ireland the principal fish found m turbots stomachs were sprats and simd 
eels occasionally a dab a sole or a pout On the trawling grounds of the 
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south west of England he found in the turbots stomachs the boar fish 
known as the cuckoo pilchards whitmg sea bream and pout and never 
found anything besides fish 

The diet of the megnm as of the turbot and bnll is fish namely 
sprats sand eels whiting gobies etc We find here accordingly a group 
of predaceous fish and the pattern of the brain is just what would be 
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expected, being very different in type from that found in group II. The 
optio lobes are large, the somatio-sensory lobes very prominent, and the 
facial lobes small — a condition comparable to that found in the pollack, 
with this difference, that the facial lobe is not apparent, as it is completely 
concealed by the large somatic-sensory lobes 
The brain of the hahbut, when exammed microscopically, differs little 
from the preceding group, except m size The optic lobes are very large, 
less so m a lateral direction than in depth, and the ventral portion of the 
tectum opticum bulges so as to give a bilobed appearance The optic 
nerves are very large The olfactory bulb is small and the facial lobe 
insignificant, while the somatic-sensory lobes are very large The cere- 
bellum IS prominent and its lateral margins embrace these lobes some way 
posteriorly to a marked extent There is no central acoustic lobe or area 
Other pomts to be noticed are the pronunence of the thalamus and the 
large nuclei rotundi, which will be described in Part II The hahbut is a 
predaceous fish, and its diet is mostly fish and crustaceans, as would be 
expected from the prominent optic lobes and large somatic-sensory lobes. 

Summary 


Our conclusions can be convemently shown in the form of a table 



Olfactory 

lobe 

Optic 

lobes 

Facial 

lobes 

Central 

acoustic 

lobe 

Somatic- 

sensory 

lobes 

Sole. Night feeder Diet — 

Large 

Small 

Very small 

Large 

Large 

worma 

Platce, Ground feeder Medium 
Diet — worms and ahell-flsh 

Large 

Large 

Nil 

Medium 

Tvrbot Diet — mostly fish 

Small 

Large 

Small 

Nil 

Large 

HahbtU Diet — mostly 

SmaU 

Large 

Very small 

Nil 

Large 

fish and crustaceans 

Erf. Night feeder Diet — 
worms, small fish, etc 

Large 

Small 

Large 

Nil 

Medium 


PART II A CONTRIBUTION TO THE ANATOMY OF THE LOBI 
INFERIORES, INFUNDIBULUM, AND PITUITARY GLAND, WITH 
SOME REMARKS ON THE BRAIN OF ANGUILLA 

PiTUITABY, LoBI InFEEIOBES AND INFUNDIBULUM 

In the monograph on Pleuronedea by Johnstone and Cole (1901), the lobi 
inferiores are descnbed as “a pair of large bean-shaped bodies with their 
median surfaces m apposition In the middle line in front of these is the 
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ai^erioal pituitary body. The apposition of the pituitary body and lobi in- 
ferioies is not complete and a triangular spaoe is left by which there emerges 
on to the ventral surface of the brain the red thm-walled sacous vasonlosus... . 
In the adult this and the pituitary body (hypophysis cerebri) are essentially 
glandular structures receiving a marked nervous supply from the in- 
fundibulum The third ventricle is prolonged downwards and somewhat 
backwards into the hollow infundibulum which commumcates ventrally 
with the cavity of the pituitary body, more dorsally it commumcates with 
the large cavities of the lobi infenores, whilst finally it is prolonged into 
the sacous vasoulosus Incidentally we may draw attention to the large 
paired nucleus rotundus ” 

After a detailed exammation of senal sections of this area m plaice, sole, 
witch, turbot and megnm, it is possible to add some further details of the 
relations of these closely connected structures We have found that the 
senes provided by the megnm gave the clearest picture, and drawings 
(figs (o)-(/), Plate V) will help to make the details clear to the reader. 
Fig (o) IS the most antenor of the senes, which has been drawn under a 
projector The pitmtary gland is not attached, but the depression on the 
ventral margin of the brain shows the site of its apposition more postenorly. 
The layer of small round cells on the margin is to be noted, and especially 
the group of large multipolar cells lying laterally to the central depression 
Dorsally the openmg of the third ventncle into the infundibulum is seen. 
At this level it does not extend more than half-way towards the base , it is 
hned with ependyma, beneath which is a layer of round cells for the most 
part, but m the more dorsal part there is a wide area of large multipolar 
cells, which are shown in a detailed drawmg from the sole (fig 20). 
External to this layer is neuroglia with scattered round cells The outlme 
of the lobus mfundibuh is clearly mdicated by its dark staining, and 
passing ventrally in this tissue are seen small bundles of nerve fibres. 
Between the lower end of the mfundibulum and the margin of the bram is 
seen a large ovoid bundle of nerve fibres lying transversely, which has been 
formed by the fusion of two large bundles which pass down fium the 
lateral walls of the infundibulum, to be seen m sections more anteriorly 
but not shown m this drawmg Fig (6), Plate V, is very similar to the 
preceding, but the ovoid bundle now appears dumbbell-shaped as it 
separates mto two bundles, these are seen m fig (c), Plate V, where the 
infundibulum has now extended so as to enter the cavity of pitmtary gland, 
which 18 here attached laterally by a narrow band of nerve tissue, the 
fibres from which pass into the small group of multipolar cells situate on 
the margm, as has already been noted m fig. (a), Plate V ; fibres pass from 
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these along the margin of the thalamus and end m a hne mesh work of 
fibres and small cells about the level of the large bundles The gland 
itself 18 here seen to have a neurogba portion facing the cavity small m 
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area and a large glandular portion into which strands of nerve tissue 
penetrate In fig (d) Plate V the lobi infenores are beginning to appear 
and in addition to the large lateral bundles smaller bundles are to be seen 
also some fibres pass from the meshwork we have desonbed towards the 
mam bundles The gland has now lost its connexion with the brain but 
the neurogba portion is encroaching more on the glandular portion 
big (e) Plate V shows the commencement of the saccus vasculosus lying m 
the recess between the lobi infenores and its connexion with the infundi 
bulum Ventral to it lies the postenor extremity of the pitmtary gland 
The junction ot the cavities ol the lobi infenores with the infundibulum is 
also shown but the most important feature of this section is the entrance 
of the large lateral bundles into the nucleus rotundus 

hig if) Plate V shows the lateral bundles lying m the centre of each 
nucleus rotundus mto which they mei^e and ascending bands of fibres pass 
dorsally from the nuclei and then turn caudally The saccus vasculosus is 
larger and the transverse cavity through which it coramumcates with the 
mfundibulum is now closed the ventncles ot the lobi infenores are also 
closed The minute anatomy ot the nuclei rotundi requires special mention 
on account of the round or oval islets of grey matter which give it a umque 
appearance these he in a gianular matnx interspersed with nerve fibres 
More anteriorly (but this is not apparent at this level) fibres pass from the 
lobi infenores mto the ventral ends ot the nuclei some of these fibres seem 
to embrace the nuclei but they all pass dorsally mto the large stiand of 
fibres passmg to the upper part of the thalamus It therefore appears that 
the various structures we have been considenng are all part of a complex 
organ in which the speciahzed tissues which surround the mfundibulum 
are connected by lateral trunks indirectly receivmg fibres from the lateral 
ganglia which as we have seen receive fibres through the lateral attach 
ments of the pitmtary gland All of these nervous connexions are finally 
earned to the nuclei rotundi which also receive fibres from the lobi m 
fenores directly Accordmg to the physiological senes of the Catalogue of 
the Museum of the Royal College of Surgeons the valvula of the cerebellum 
18 connected by tracts to the lobi infenores Schafer and Tham (1893) 
descnbing the pituitary body state that the posterior lobe is developed as 
a hollow outgrowth of the part of that cavity ot the embryonic brain which 
afterwards becomes the third ventncle In fishes the cells which compose 
its walls become converted into nerve colls and fibres and as the lobus 
mfundibub it becomes an integral part of the brain As to the function 
of the lobi infenores we get a httle help from Herrick (1905) He states 
that the ascending secondary gustatory tract of both facial and vagal 
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lobes terminate in the superior secondary gustatory nucleus, situated in 
the lateral wall of the isthmus The chief third gustatory tract arises from 
the cortical layers of the above This tract is somewhat obscure, but it has 
been proved that fibres pass from it ventrally to the lateral lobule of the 
lobus mferior.” He also gives a diagram showmg the relations of the olfactory 
and gustatory paths m teleosta, in which an olfactory conduction path is 
shown to termmate in the lobus inferior, and adds, “This appears to be 
the chief centre for the correlation of olfactory and other higher senses ” 



Fio 10 


We can now turn to the consideration of the pituitary body and lobus 
infundibuh in the four groups of Pleuronectidae The pituitary gland in 
the various species of Pleuronectidae discloses some marked differences m 
details of structure If we take the plaice as a type, we find that the gland 
18 large, and consists mostly of a glandular jiortion in which the cells are 
arranged in acim, the margins of which are composed of several layers of 
round cells Some sections show that almost the whole gland is made up of 
this tissue, but there is also a central portion, increasmg in size where the 
gland 18 attached to the thalamus, and consisting of very fine fibres inter- 
spersed with minute cells, which we take to be a speciahzed iieurogUa 
tissue This comes to the surface opposite the opening of the uifundibulum 
into the cavity formed by the junction of the gland and the lobus infundi- 
buli Fig 16 IS a drawmg of a transverse section, under low power, of the 
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mfenor part of the lobus mfundibuh (at the level of fig (c) Plate V) of the 
plaice The large pars nervosa consisting of neurogba tissue is seen pene 
trating deeply into the glandular portion the pars intermedia An inset 
IS also shown drawn under high power of the lateral attachment of the 
pituitary gland contammg nerve fibres passmg mto the cells of the lateral 
ganghon The fibres passing from the ganghon are seen passmg along the 
margin of the thalamus to end m a meshwork of small cells and fibres The 
two large bundles of the nervus infiindibub are also seen 

The Mid Bkain of the Plaice 

Plate VI with diagrams I XII shows the lobi infenores and the relations 
of their ventnoles to the infundibulum the relations of the latter to the 
saccus vasculosus and the commencement of the pituitary gland in the 
plaice Commencmg postenorly fig I shows the transverse cavity into 
which the secretion of the saccus vasculosus passes before it enters the 
infundibulum II shows the ventncles of the lobi infenores as they are 
about to enter the mfundibulum As the sections are followed forw ard the 
saccus becomes gradually smaller in V the pituitary gland begins to 
appear and in VII two portions of this gland are seen m the section and 
the ventral end of the infundibulum becomes enclosed Sections VIII XI 
show the two antenor projections of the pituitary gland becommg larger 
and the ventral extremity of the infundibulum agam approaching the 
margin finally this opens into a cavity formed by the coalesced margins 
of the antenor projections of the pituitary and their junction with the 
mfenor margin of the lobus mfundibuh According to Johnstone and Cole 
( 1901 ) the mfundibulum of the plaice is difficult to dehmit as it is largely 
merged into the floor of the thalamus but the above senes of sections 
enables one clearly to visuahze the relations of the vanous cavities to the 
mfundibulum 

The Optic Thalami a>d Lobi Inperiores of the Plaice 

The large drawing (fig 9) shows the tectum opticum which js here seen 
to have a convoluted margin more so on the nght of the section than on 
the left The saccus vasculosus is seen Ijnng between the opposed lower 
margins of the lobi infenores and on either side their ventncles appear 
Dorsal to these aie the two very promment ganglia rotunda which have a 
very characteristic structure round or ovoid areas of grey matter in a 
meshwork of fine fibres ninnmg dorso ventrally in a groundwork of small 
celled tissue Their dorsal ends are prolonged towards the cavity of the 
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optic lobes where they join a band of nerve fibres which turn caudally 
The ganglia receive their distal fibres from two sources, fibres enter their 
lower margm from the lobi infenores, but also a broad band of fibres can 
be traced from the centre of either side of the lobus mfundibuli and these are 
shown in the senes of outline drawmgs (figs (a)-(/). Plate V) These have 
been drawn, by means of a projection apparatus, from sections of the bram 
of the witch, m which the course of the fibres could be very clearly traced 
The connexion of the infundibular lobe with the gangha rotunda has been 
also followed in the sole and turbot, in which the course of the fibres are m 
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all essentials the same The pituitary gland of the plaice is of moderate size, 
and consists of a central portion of modified neurogha surrounded by con- 
voluted tubules hned with several layers of round cells, the so-called para 
intermedia The ependyma of the infundibulum is composed of large 
round cells lymg in a marginal area of interlacmg fibres The turbot (fig 17) 
differs from the plaice in both the general and the nunute structure of its 
pituitary gland In the first place we notice that the saccus vasculosus is 
small in the turbot, while the gland is a very prominent structure, equal in 
size to one of the optic lobes , it is situate farther back than the gland of 
the plaice It differ^ markedly m its microscopic appearance and stains 
more deeply with haematoxylin, and, as the grouping of its acim is very 
close, it IS hard to define the actual arrangement of the cells, except 
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towards the penphery and on the margin that faces the thalamus Areas 
are to be seen where the masses of cells are breakmg down into yellow 
staimng secretion which tends to coalesce and seems to flow towards the 
nervous portion of the gland \ihich forms the supenor portion facing the 
thalamus this nervous portion is composed of a meshwork of neurogha 
fibres and strands of this tissue pass into the round celled structure which 
makes up the body of the gland At the margms of the attachment to the 
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brain are to be seen small groups of large ganghomc cells similar to those 
described in the plaice 

Figs 18-22 are drawings of the lobus infundibuh and pituitary gland of 
the sole and it is at once clear that these structures differ m many points 
from the conditions found in the plaice and turbot Fig 18 is the most 
posterior of the senes of transverse sections and shows the closed cavity 
of the infundibulum lined with small ovoid cells from which a fine process 
passes outwards into a fine meshwork of nerve fibres At the apex of the 
infundibulum the stalk of the pituitary gland has been tom away but a 
bundle of nerve fibres protrudes through the tom margin which shows the 
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point of attachment of the stalk of the gland The fibres passing to the 
lateral gangha are well marked and the group of ganghon cells is more 
prominent than in the other flat-fish which we have described above. The 
ascending nerves from the ganglia pass directly upwards into a meshwork 
of small cells and fibres, in the neighbourhood of the dumbbell-shaped 
band of fibres which form the nervus mfundibuh Fig 19 is a high-power 
drawing of the lateral ganglion Fig 20 shows the infundibulum more 
antenorly , it is here seen to be hned with several layers of ganghon cells, 
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the condition being similar to that found in Angmlla, as we shall see later 
Fig 21 IS the lower part of fig 20 under a higher power Fig 22 is a section 
of the pituitary gland The pars nervosa spreads from a central stalk, and 
its tissue mvaginates deeply into the pars intermedia or glandular portion , 
m the upper left-hand corner is an area which is probably the antenor lobe 
or the “ Hauptlappen ” of Stendell (1914) The sole has therefore a stalked 
pituitary lobe wth a very marked nervous connexion, with large lateral 
gangha and an infundibulum with a highly developed ganghonio tissue 
Fig 23 is a transverse section of the pituitary gland of the megrim. The 
pars nervosa is not very extensive in this section, which is an enlarged 
drawing of fig (c), Plate V The glandular portion is very similar to that of 
the turbot On the left of the section the attachment of the gland to the 
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lobua infundibub is shown, and a well marked lateral gangbon is seen to be 
present The two trunks of the nervus lobi mfundibub are large 

Fig 24 18 a transverse section of the gland of the hahbut In general 
appearance it differs somewhat from the glands of turbot and megnm 
The acim of the glandular portion entirely enclose the pars nervosa except 
for a small gap situated dorsally The lateral gangba are well marked but 
the nerve fibres of the lateral attachment of the gland only appear in 
fragments A further point may be mentioned, namely, that the nuclei 
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Tha conclusions that may be drawn from the above observations are, 
firstly, the presence of lateral gangba connected by nerve fibres which pass 
through the lateral attachment to the pituitary gland This is seen m all 
the specimens exammed Secondly the collection of nerve fibres from the 
lobus mfundibub divides into two large strands which pass backwards on 
either side of the infundibulum and enter the bilateral nucleus rotundus 
Thirdly, there are certain differences in the proportion of the nervous part 
of the gland to the glandular part, in the plaice group on the one hand, and 
the turbot and megnm on the other hand while the sole stands by itself 
m the structure of its gland and its attachment to the lobus mfundibub, 
and also m the size of its lateral gangba The gangbon cells lying within 
the cavity of the infundibulum are a striking feature 
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The microBcopio anatomy of the lobus mfimdibuli and pituitary body of 
flat-fish having been oonaidered, we propose to make a few general references 
to the pituitary gland of teleosts In the haddock the various parts are not 
separable (de Beer), but a pars anterior, pars intermedia, pars nervosa, 
“Uebergangsteil”, and sacous vasculosus can be distinguished de Beer 
(1926) pictures a longitudinal section of the pituitary of a trout 65 mm 
long, m which he distinguishes a pars anterior, pars mtermedia and pars 
nervosa He says “the nervous tissue of the infundibulum appears to 
penetrate into and excavate the posterior portion of the hypophysis, 
which here differentiates into the pars intermedia Anteriorly the tissue 
contams a number of vesicles ” 

Stendell (1914) gives a drawmg of a sagittal section of the infundibular 
region of Anguilla vulgarit, but does not mention at what period of the 



year the specimen was caught This is redrawn (fig 25) to make clear the 
various structures he describes Anteriorly is the “ Hauptlappen ” and 
postenorly the “ Zwischenlappen ” or intermediate lobe, and in the centre 
IS the pars nervosa with invaginations of neurogha tissue which he terms 
“ Himtedschlauche “ Between this and the antenor portion is a cell area 
called “ Uebergangsteil ", Fig 26 is a drawmg of a section of an eel caught 
in May, and the same areas can be distmguished with the exceptjon of the 
“ Uebergangsteil ” 

In the course of my examinations of the brain of the Pleuronectidae there 
appeared certain pomts of similarity between the brains of the sole and the 
eel, especially as regards their olfactory organs and lobes, and the small 
size of their optic lobes , so that an examination of the infundibulum of the 
sole was naturally followed by similar observations on that of the eel The 
large specimen of AnguiUa vulgaris, from which transverse sections of the 
infundibulum were prepared, was caught m the autumn dunng the period 
of migration, and these specimens show a very remarkable difference from 
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the pictures of the pituitary gland given by Stendell and from my own 
drawing from a hah caught in May Fig 27 is a section across the posterior 
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portion and fig 28 across the anterior The large masses of apparently 
colloid matenal are very striking and suggest the appearance of an active 
thyroid gland m a higher vertebrate Surrounding the large areas are 
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smaller masses of colloid material and also areas of numerous small 
vesicles m the midst of round celled tissue a stage m the formation of the 
larger masses The neurogha portion is not apparent The gland hes 
opposite the funnel of the infundibulum the margins of which are com 
posed of a mass of large round ceUs In its lower part the lumen of the 
infundibulum is composed of several layers of ganghon cells and these are 


Mi 
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bordered by groups of round cells lying at the margin of the lobus infiindi 
buh (hg 29) big 30 is a portion of fig 27 enlarged Ihis condition of the 
pituitary gland in the eel and its apparent relation to the seasonal changes 
and the adoption of the mamage garb is an observation which requires 
further research and confirmation I propose to examine the gland in the 
summer months at intervals until the autumn 
If the above facts are confirmed we shall be m possession of an important 
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bjobgical key to the profound changes which take place m the external 
charactensticB and in the generative organs of the eel at the period pre 
ceding the autumn migration [iNToie added in proof 10 March 1937 Sec 
tions of the pituitary gland of Angutlla caught m October and November 
laat show marked changes in the postenor lobe — the changes however are 
the conversion into granular colloid with small masses of hyalme colloid ] 

Summary 

The following conclusions are reached as the result of this research 
Part I Four types can be recognized m the brams of the Pleuronectidae 
A Ihe sole type with large olfactory lobes small optic lobes a central 
acoustic lobe and small facial but large somatic sensory lobes The 
habitat is purely bottom and the feeding is at mght The central acoustic 
lobe 18 associated with the habit of tapping the sand m search of worms and 
the smallness of the facial lobes corresponds with the absence of taste buds 
B Ihe plaice type with olfactory lobes moderate m size the optic lobes 
very large no tentral acoustic lobe but facial lobes well developed Feeding 
IS by sight smell and gustatory sensations They are bottom feeders 
( The turbot type with optic lobes well developed the somatic 
sensory lobes large no central acoustic lobe and small facial lobes These 
fish are predatory in habit and feed by sight As in those gadoids which 
are purely fish eaters the somatic sensory lobes are the most developed 
part of the medulla oblongata 

D The hahbut type These are also predacious fish and feed by sight 
The optic lobes are therefore large and in the hahbut tend to be con 
voluted and they extend deeply dorso ventrally The somatic sensory 
lobes are prominent 

Part TI The same four types have been studied with regard to the 
structure of the pituitary body and its relation to the mid bram 

Type A The infundibulum is elongated and is lined with well marked 
ganghon cells The pituitary gland is stalked and the pars nervosa well 
marked Ihe lateral ganglia are very promment 

Type B The pitmtary is of moderate size the pars nervosa well 
developed and the lateral gangha well marked 

Type C The pituitary gland is very lai^e and the glandcdar portion very 
prominent and the anterior lobe is well developed 
T 3 rpe D The lobus inlundibuh is very much elongated and the 
glandular portion well developed and the arrangement of the tubules 
differs from that in Type C 
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Electrical Activity of the Central Nervous System 
of the Frog 

By R W Gbrabd and J Z Young* 

From the Department of Phyawlogy Umveratty of Chicago 
(Communicated by A V Hill Sec R S — Received 2 & October 
[Plates 13 14] 

Careful exploration has been made of the electrical activity of the brain 
of vanous mammals (Adrian and Matthews 1934 (Gerard Marshall and 
Saul 1936 Gerard 1936a and b) but there has been veiy little study of the 
brams of other vertebrates (Adrian 1931 Umrath and Umiath 1934) The 
small size and relatively homogeneous cell population of the Amphibian 
brain offer certam advantages m analysis of the physicochemical factors 
determinmg activity and further the low metabolism of the poikilothermic 
♦ Fellow of Magdalen College Oxford and the Rock feller h oundation 



344 R. W. Gerard and J. Z. Young 

brain at room temperature, together with the short distances for oxygen 
diffusion, suggested the possibility of studying sustamed activity in the 
isolated organ The present report covers a general exploration of spon- 
taneous electrical changes m the neuraxis of the grass frog {Bana piptens) 
and bull frog {R caUshxana). 


Method 

The amphfymg and recording systems are described elsewhere (Gerard and 
others 1936). Pick-up electrodes were either of the ooncentno needle or the 
bipolar type, in the latter case consisting of either insulated platmum wires 
or two 32-gauge copper wires, enamelled except for the freshly exposed 
cross-sections at their tips, and separated O-6-lOmm. m various experiments 
Thfe ground lead was sometimes placed, with the gnd lead, on the nervous 
tissue, sometimes on nearby bone or fascia Along the spmal cord, especially, 
the separated leads yielded larger potentials, and these were most commonly 
used 

Frogs were either decapitated, and the bram isolated from the separated 
head, or the brain or entne neuraxis exposed under ether and the ammal 
allowed to blow off the anaesthetic One or two hours are necessary for 
full recovery from ether, and before this time eleotncal activity, while 
present, may be greatly dimmished In occasional experiments curare or 
strychnine were injected mto a lymph sac, but the great bulk were per- 
formed on seemingly normal active animals with the brain simply exposed 


Results 

Spontaneous Potentials In situ 

An electrode placed on or in practically any part of the nervous system 
shows greater electrical restlessness than when controlled on bone, fascia 
covermg muscle, or cotton wool soaked in Rmger solution This extra 
activity from the neuraxis disappears under deep narcosis, asphyxia, or 
some time after “death” of the animal, and may be taken to represent 
the activity of neurones 

From the cord and meduUa a rather regular 8 per sec rhythm was obtamed 
m several experiments Each wave was sharp, hke a spike, but of con- 
siderably longer duration, and amphtudes up to 50 or 60 pV were observed 
(fig. 3, Plate 13) 

The optic lobes mamfested considerable spontaneous activity Several 
distmct rhythms were present m different preparations or simultaneously 
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in (me. A regular rhythm at 4 or 6 a see and of &-50 or more /tV waa present 
m half of the animals Single waves lasted fixim 30 to 100 msec Various 
other rhythms of greater fiequency sometimes appeared, the fastest being 
irregultur at 100-160 a sec with amphtude of 6-10 fiV (figs 4-7, Plate 13). 

These rhythms were unaffected by lUummation of the eyes m some experi- 
ments, disturbed in others, but never increased or completely abolished. 
Most chauraotenstic was a dimmution for some time (0 5 sec ) after turning 
the hght on, and an increase after tummg it off 

The thalamua yielded feeble rhythms, not very regular, at 30 a sec and 
120-160 a sec with excursions of about 6 /iW (fig 8, Plate 13) 

The cerebral hemtepherea were not uniformly active Quantitatively, the 
medial surfaces gave distmctly greater potentials, up to 40 fiV for the slower 
rhythm, than other regions, which never exceeded 10 /tV We have not 
satisfied ourselves that different regions are characterized by qualitatively 
distmct wave trams — certainly the mam rhythm types appeared m all 
In only one case, a rhythm (16 a sec ) present on the dorsum of a hemisphere 
was not recorded medially or laterally As compared to the optic lobe, 
the electrical profile of the cerebrum is more vanable, both m frequency 
and regularity of rhythm 

A rhythm at 1 or 2 a sec , with maximal potential of 16 fi\, was encoun- 
tered several times on the medial surface, once (4 /tV) on the lateral — 
possibly as spread from a more active medial region In one animal large 
waves of 60 fiV and lastmg 16 msec appeared rather regularly every 2 sec 
on the medial surface only 

In every case, a rhythm Ijong between 4 and 8 a sec (as absolute extremes 
3 and 10), most commonly 6, was recorded from the medial hemisphere 
and, when sufficiently intense, from other portions as well This was regular 
m some cases, qmte irregular in others, and sometimes an alternation of 
large and small waves appeared In various experiments mtensity ranged 
from 6 to 40 jiV, and the wave duration up to 0 1 sec It is possible that, in 
some cases, the potentials picked up from the hemispheres werS’spreadmg 
from the extremely active olfactory bulbs, but this can be excluded m the 
majority 

A 16 a sec rhythm, rather regular but m one case beating over a 2 sec 
period, and with a maximum potential of 30 /tV, was most pronounced m the 
postenor half of the cerebrum, medially and dorsally Another rh3rthm, 
at about 30 a sec and 16 juV amphtude, was encountered also on the medial 
surface, fi:om a more anterior pomt Fmally, irregular discharges, from 60-100 
a sec , m one case even 200, were commonly present, with mtensities up to 
10 fiY (control about 2 /iV) In some brains a fairly constant rate, of 60, 
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or 66 or 80 a sec was maintained m others no such restraint existed 
These discharges were to some extent produced by electrode injury but not 
solely for they were present without or long after penetration of the 
bram tissue 

Almost without exception when several rhjrthms were simultaneously 
present amphtude dimmished as frequency mcreased This would naturally 
result if cells were discharging more in phase at the lower rates less at the 
higher A similar consideration predicts greater amphtude with greater 
regularity at any given frequency This is particularly well illustrated in 
the olfactory bulb 

The olfctctory buUb is m terms of potentials dramatically outstanding in 
the nervous system m the frog (figs 11 and 12 Plate 13) Intact or tn mtro 
its electncal activity dominates the picture as the visual system appears 
to dommate m the cortex of man In every case greater potentials were 
obtamed from this structure than anjrwhere else A similar situation exists 
m the fish (Hoagland personal communication) The fundamental activity 
18 a rhythm at 4 a sec 3-8 m extreme cases often extremely regular and of 
over 80 /iV swmg at the maximum Average potentials were about 20 /iV 
Individual waves sometimes occupied the full mterval of 0 26 sec sometimes 
lasted only 0 1 sec m the former case leading from the surface the rising 
limb (positive) lasted 80 msec the faUing 160 while from a deeper position 
the nse was longer than the fall Occasionally a rhythm waxed and waned 
m a regular beat with a 2-3 sec penod and amplitude fluctuation from 
maximum to only one fourth maximum with evidence such as double 
peaks or humps m a wave of two rhythms making beats In one case 
a double rhythm was clearly present with a total frequency of 9 a sec 

Still slower changes appeared m two cases spike like waves of 20 /tV 
at irregular second intervals and a 2 a sec rhythm of 10 /tV which showed 
beats The 16 a sec rhythm (20 /tV) appeared only once in an isolated brain 
The 26-30 a sec rhythm was commonly present ordmanly of 6 10 fiV 
mtensity In one case leadmg coronally from the surfaces of both bulbs 
a very regular rhythm at 25 a sec and 18 /tV was present Other rapid 
oscillations at frequencies from 40 100 a sec and rather irregular were 
observed m about half the experiments These were usually about 6 /lY 
m amphtude sometimes 10 and in one case with a rather regular rate of 
70 a sec 20 /tV In two cases 26 jiY spikes at intervals or 10 /lY ones at 
36 a sec disappeared a few minutes after placing the electrodes and are 
attributable to injury or stimulation 

With both leads on one or both olfactory nerves no potentials above 
6 fiY were recorded In situ these appeared at 26-30 a sec in one isolated 
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brain irregularly at 50-100. Since the only approaches to the olfactory 
bulb — the olfactory nerve ahead and the hemisphere behind — show 'for 
less activity than the bulb itself, the bulb activity is presumably due to 
a " spontaneous ” beat of the neurones m this structure and is not dependent 
on the advent of nerve impulses The final evidence on this pomt comes from 
the electrical activity of isolated brains 



Fk. 1 


Fios 1 and 2 — Diaiirams of structure and probable cell connexions m the olfactory 
bulbs and cerebral hemispheres of the frog The hgures follow esiiocially the accounts 
of Ramon (1896), Rothig (1926) and Herrick (1910, 1924), and all the cell-types and 
fibre tracts figured have been described by histologists, though it must be emphasized 
that the connexions of each type of ooU are not yet fully known ylom glomerulus , 
gran, granule cell, Ifb lateral fore-bram bundle, m f b medial fore bram bundle, 
olf tr olfactory tracts, olf n fibres of olfactory nerve, p c ponglomerular cell, mU 
mitral cell The electrodes are shown as they would be placed for recordmg potentials 
from the olfactory bulb and from the dorso medial suifaoe of the cerebral hemisphere 


In vUro, Isolation of hemispheres and olfactory bulbs, with or without 
the thalamus and optic lobes, was earned out m a number of cases alter 
exploration m sxtu The brain stem was cut across, cramal nerves severed, 
membranes loosened or removed, and the isolated bram lifted away on to 
cotton wool soaked m Ringer solution The same types and almost the same 
magmtudes of potentials were obtamed as from the intact bram, and they 
commonly became larger, slower, and more regular with increasing time after 
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isolation for at least 90- 1 20 mm An irregular 7 a sec rhythm, varying from 
4-10 /tV, obtamed from the optic lobe soon after isolation, had become 
regular at 4 a sec and 12 /tV li hr later One from the olfactory bulb at 



Fig 2 

6 a sec was 20 /iV after isolation and placing the electrodes, 36 /iV when left 
undisturbed for 3 mm Another from the bulb was irregular from 4-8 a sec 
and 8-16 /iV after isolation, very regular at 6 a sec and 15 fiV 90 mm later 
and with no mampulation during the preceding 10 mm 
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Discussion 

It seems clear from these results on the olfactory bulb that neurones 
are able to beat electncally in the absence of afferent nerve impulses 
bnngmg to them some needed excitation, and in the absence of spurious 
stimulation or injury by the conditions of the expenment That these 
potentials are the result of the spontaneous activity of the cells and are 
not due to local tampenng is well shown by the fact that both m mtact 
and m isolated brains the rhythm often mcreased in amphtude and 
regularity after the electrodes had been m place for some time, and was 
not greatest immediately after placing Neurones m general may possess 
the property of automaticity, as do those of the heart and the respiratory 
centre (Shown most clearly by the contmued potentials, at the rate 
of normal respiration, in the isolated insect or fish brain (Adrian and 
Buytendijk 1931, see also Prosser 1934) ) The rate and amplitude of the 
rhythm of a single cell must Tie determined by physico-chemical factors 
m itself or environment The magmtude and character of the potentials 
led fipom a mass of neurones m some gross division of the brain will be 
determined, in addition to the activity of single cells, by the sequence and 
synchrony of discharge of the whole cell population When, as in the 
olfactory bulb or other grey masses, a smooth regular wave of constant rate 
and amplitude appears, the presumption is strong that the bulk of cells 
are actmg in unison. If so, the recorded wave shape would be that of the 
single cell potential We incline to the view that this is so in some of our 
expenments, and hope this preparation will be favourable for study of 
cell potentials This view is in harmony with Adnan’s first position (Adrian 
1931) rather than his second one (Adnan and Matthews 1934) which 
attnbutes all slow waves to summed spikes We have found at least, in 
contrast to the experience of Adnan and Matthews on the mammalian 
cortex, that large slow potentials are readily recorded from electrodes within 
a millimetre of one another or even conoentnc 

It 18 noticeable that the observed potentials did not parallel motoi effects 
For instance, placmg of the electrodes in the mid-brain regularly caused 
very active movements of vanous parts of the animal, but the potentials re- 
corded from this region were much smaller than those from the olfactory bulb 
whose injury or stimulation is not usually followed by any movements at all 

For correlating potentials and structure m the fore-bram of the frog 
the following anatomical facts are significant (see Ramon 1896, Herrick 
1910, Kappers 1921) Although many architectural regions can be distin- 
guished (Imogawa 1935), the cells and their connexions are broadly similar 
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throughout the entue thalamus, cerebral hemispheres and olfactory bulb 
Even the palhal and subpaUial part of the hemispheres do not differ greatly, 
there being no true cortical layers 

The charactenstic pjn'amidal cell (see figs 1 and 2), usually lying close 
to the ventricle, has a dendnte which spreads into the penpheral neuropil 
and an axon which, after sending collaterals to the mterstitial neuropil 
surrounding the cells, runs either to some other part of the hemisphere or 
to more caudal brain parts The mitral cells of the olfactory bulb may be 
considered as modified pyramidal cells which have migrated away from the 
ventricle 

An ample opportumty for interaction between neighbouring pyramidal 
cells is provided by common connexions in the penpheral neuropil, by the 
axon collaterals surrounding the cells themselves (mterstitial neuropil, 
Hemck 1934), and by intercalated small cells whose irregularly distributed 
short processes probably serve to integrate the activities of the pyramidal 
cells. These small cells are especially develojted m the olfactory bulb as the 
granule cells, which lack axons but have two dendrites both endmg among 
those of the mitral cells There is, therefore, an adequate structural basis 
throughout the telencephalon, and especially m the olfactory bulb for the 
co-ordinated action of large groups of cells 

The latero-dorsal region of the hemisphere (pnmordium pynformi, 
Hemck) which is reached by many axons of the mitral cells of the very 
active olfactory bulb is less active than the medio-dorsal region (pnmordium 
hippocampi) which is reached by few, if any It is, of course, under strong 
olfactory mfiuence through additional connexions from m front and below. 
Intnnsically the medial wall is much thicker than the lateral, but whereas 
the cells of both palhal and subpalhal parts of the lateral wall are closely 
packed around the ventncle, those in the medial wall are spread through 
its whole thickness, with a particularly dense mterstitial neuropil occupying 
the spaces between them If the neuropil helps to synchronize cell potentials, 
recorded activity should be more regular andstrongermediaUy than laterally 
Our findmgs are m harmony with this expectation but do not lead to a 
definite conclusion as to the function of the neuropil. 


SUMBIARY 

The exposed or isolated neuraxis of the £rog has been explored for spon- 
taneous electrical activity 

Spontaneous potentials independent of injury or motor effects were noted 
throughout the central nervous system. Various regions were more or less 
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characterized by the rate, regulanty and intensity of their potential profiles, 
though three distinct frequenaes might be present m one place at different 
times or simultaneously 

The olfactory bulb was in all cases electrically dominant, with a rhythm 
often extremely regular at 4 a sec and up to 80 /iV intensity This, and other 
spontaneous rh 3 ^hm 8 , persisted for 2 hr or more with the brain isolated 
on moist cotton wool, and often improved m regularity and amphtude for 
much of this time 

The findmgs are considered in relation to anatomical structure and 
especially the neuropil It is concluded that neurones are able to mamfest 
a rh 3 rthimc electrical beat m the absence of afferent nerve impulses or local 
injury. 
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Description of Plates 

Plate 13 All figures are of sptontaneous rhythms from brains 
exposed and left m aitu 

Fig 3 — Lower spinal cord. Qnd on left of cord, 1 mm anterior to ground, which is 
on right 

Fig. 4* — Optic lobe, surface Time m this and all subsequent figures aa lu fig 11 

Fig. 6* — Same as 4, but electrodes penetratmg 

Fig 6* — Optic lobes, electrodes transversely across midlme Just after placing 
electrodes Amplification shown on 4 

Fio 7 — Optic lobe, electrodes m sagittal plane. 

Fio 8 — Thalamus, same as 7 Electrodes i mm off midlme. Record same as 
control on moist cotton Amplification shown on 7 

♦ These observations on the same TbuU frog. 
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Fio 9 — Cerebrum, mid-dorsal poeitton, soon after deep insertion of electrodes. 
Injury discharge. 

Fio 10* — Control on moist cotton Amplification shown on 1 1 

Fio 1 1 ♦ — Olfactory bulb Transverse electrode position 

Fio. 12* — Same as 11, later Note beat as if units get into and out of phase 

Plate 14 Isolated brain activity 
Fio. 13 — Control on moist cotton 

Fio 14 — Olfactory bulb, exposed m decapitate head Amplification shown on 13 
Fio Ifi — Same, 10 mm later Preparation and leads undisturbed Note increased 
activity Amplification shown on 13 

Fig 10 — Same, 90 mm later Leads replaced Amplification shown on 18 
Fro 17 — Optic lobe, taken just after 16 Amplification shown on 18. 

Fig. 18 — Control on moist cotton, just after 17. 

Fio. 19 — Optic lobe, freshly isolated brain Amplification shown on 21 
Fig 20 — Olfactory bulb surface, immediately after 19 Amplification shown on 21 
Fio 21 — Same as 20, 3 mm later Nothmg disturbed Note larger and more regular 
jKitentials 

• Those observations on the same bull frog 
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Studies on Codehydrogenases 
I— Nature of Growth Factor “V” 

By AndrA* and Marguerite Lwoff 
From the Molteno Institute, University of Cambridge 
(Communicated by D Keilin, F R S — Received 12 November 1936) 

In 1917, Davia recognized that two growth factors are required by in- 
fluenza bacilh A few years later, Thjotta aqd Avery (1920, 1921) were able 
to confirm Davis’s data and named these substances “ X ” and “ V ” factors 
respectively The “ X ” factor is actually well known chemically (Ghon 
and Preyss 1902-4, Davis 1917, etc ) and physiologically (Lwoff, A 1936a) 
The so-called “growth factor V” has been studied by numerous workers 
(Davis 1917, 1921 , Fildes 1921 , Thjotta and Avery 1920, 1921 ; Rivers and 
Poole 1921 , Thjdtta 1924, and others) but its nature is still unknown. 

• Institut Pasteur, Paris Rockefeller Foundation Research Fellow. 
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“Growth factor V” is found in yeast, blood corpuscles, and animal and 
vegetable tissues It is water soluble, sensitive to heat, being destroyed by 
heating in alkaline but not m acid solutions It passes through Berkefeld 
filters and collodion membranes, and is partially adsorbed by bone charcoal 
It 18 destroyed by contact with fresh serum of certain animals in 4 hr at 
37° C , the destructive power of which can be removed by heating at 
70° C It 18 further known that vitamm C is unable to act as “ V’’ factor 
It does not seem necessary to extend this introduction An historical 
account and the properties of the “V” factor are to be found m Scott’s 
article (1929), m the papers of Anderson (1931) and of Meyer (1934) and 
m the more recent book of Knight (1936) We may say briefly that nothing 
IS actually known about the nature and physiological function of the “ V’’ 
factor, which are to be discussed in this paper (see prelimmary paper 
Lwoff, A and M. 1936) 


Material and Methods 

For physiological tests of factor “ V’’ we have used Haemophilus para- 
\nfluenzae, strain 4101, of the National Collection of type cultures, Lister 
Institute — isolated by V Fleming (London) We obtained the stram through 
the courtesy of Dr St John Brooks and Miss Rhodes, to whom we are glad 
to express our gratitude 

The culture medium had the following constitution proteose peptone 
Difco 20 g , sodium chlonde 6 g , distilled water 1000 ml , NaOH to bring 
it to pH = 7'6 In this medium the multiplication of H parainfluenzae can 
only take place if “ V ’’ is added The best source of “ V ’’ is yeast, as pointed 
out by Thjotta and Avery (1920, 1921) The yeast extract is prepared as 
follows 1 kg of baker’s yeast is emulsified in distilled water and the 
emulsion is brought to pH 4 6 by addition of hydrochloric acid This 
emulsion is poured gently mto warm distilled water (80° C ) so that the 
temperature never falls below 76° C It is then brought to 80° C ’and kept 
at that temperature for 20 min During the heating, the pH is kept constant 
by the addition, if necessary, of hydrochloric acid The hot emulsion is 
filtered through a Buchner funnel and the clear yellow liquid thus obtained 
18 filtered through a Chamberland candle The extract obtained, when 
1 1 of water has been utihzed for 1 kg of yeast, is active at a dilution of 
1/60,000 

In the subcultures a solution diluted to I/IO may be used— one drop of 
which (with a pipette givmg 30 drops/ml ) added to 0 ml of culture medium 
allows a very good growth. 
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For the expemnente the subcultures are made with one drop of a culture 
grown in a medium oontauung yeast extract 1/5000. In these conditions 
the first subculture is always negative if the new medium is devoid of “ V ” 
factor. Nevertheless, in each of our experiments we always subcultured a 
control tube without “V” which, without exception, always proved 
negative 

When making dilutions of “V” solution we always used washed and 
stenhzed pipettes (2 hr 160° C ), so that every possibihty of brmging in 
“V” factor with the pipettes is completely excluded The cultures are 
incubated at 37° C. 

Feaotionation of Yeast Extbaot — Waeburg’s Cobnzyme 
AND Cozymase 

Yeast extract was treated with different reagents and the subsequent 
fractions tested quahtatively and then quantitatively for their “V” 
activity 

We could see that the “growth factor V” 

(1) is not precipitated by banum acetate at pH 8 6, 

(2) 18 not precipitated by lead acetate at pH 0*8, 

(3) 18 precipitated by lead acetate at pH 0*5 , 

(4) 18 precipitated by mercuric nitrate at pH 7 0, 

(6) 18 precipitated by alcohol (final concentration 90%) , 

(6) resists desiccation tn vacuo 

At this point in our work we discussed the problem of “ V“ with Dr T 
Mann, who called our attention to the fact that all the above properties 
of “ V ” factor were common to those of cozymase We had at the time no 
oozymase but only a preparation of pyridme nucleotide triphosphate 
(Warburg and Christian’s coenzjrme of the hexosemonophosphate oxidation 
system). This pyndine nucleotide triphosphate, extracted from horse’s 
blood corpuscles, had been obtained some months before from Professor 
Warburg 

The initial degree of purity was 0 3, but the substance, origmally a white 
powder, had not been kept tn vacuo and had turned into a viscous brown 
substance This substance proved to be active in dilution of 1/30 millions 
Taking mto consideration the degree of punty of this substance, it may be 
seen that the preparation was active in dilution of 1/100 millions But we 
may assume that the substance had absorbed water and perhaps lost a 
part of its activity and that the hmit of active dilution must be much 
higher. 
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The question then airoae whether or not the action of p 3 mdme nucleotide 
triphosphate was specific and if it could be replaced by pyndine nucleotide 
diphosphate. 

Dr D. E Green provided us with a solution of yeast cozymase, the 
approximate degree of punty of which was 0*7 and the approximate 
concentration M/600. This solution proved to be active as “V” factor at 
a dilution , calculated for the dry weight of cozymase — of 1/270 milhons It 
must be added that this cozymase preparation— as tested by D E Green — 
IS completely devoid of any trace of pyndine nucleotide triphosphate it pos- 
sesses no activity when tested with hexosemonophosphoric acid as substrate 

The hmits of dilution we give are of course not absolute magnitudes 
When approaohmg limits of dilution, the action of “V” factor is quanti- 
tative, that IS to say there is a relation between the amount of “V” and 
the number of bactena We took as a limit a quantity sufficient to produce 
a bacterial turbidity easily seen But nevertheless the order of magnitude 
of the lumt of dilution of codehydrogenase acting as growth factor “V” 
IS to be found around 1/260 and 1/360 millions 

The quantitative study of blood reinforces this conclusion Rabbit blood 
was studied Caution must be taken in such experiments, as it is well known 
that serum and blood corpuscles stroma are able to destroy the “ V ” factor 
after haemolysis We proceeded in three different ways (1) the blood, 
obtained by heart puncture and defibnnated, is immediately haemolysed 
(1 part of blood -f- 9 parts of distilled water) and immediately diluted m the 
culture medium, (2) the blood is inactivated as soon as haemolysis has 
taken place, (3) the blood is inactivated immediately after defibrmation 
and then haemolysed and diluted There is no noticeable difference m 
the results obtained with blood treated by these three methods if the 
blood 18 diluted very qmokly 

The active limit of blood dilution is 1/3000, but it is possible to distmguish 
a very slight bactenal turbidity at 1/4000 and sometimes at 1/6000. It is 
known (Warburg, Christian and Gnese 1935 ) that the horse-bloc>d concen- 
tration m pyndme nucleotide triphosphate is 1/160,000. If we arbitranly 
assume that the rabbit-blood content is approximately the same, we can 
say that the blood coenzyme acts at a dilution of 1/450 millions But the 
blood contains also cozymase m a still unknown amount The activity of 
blood as “ V ” factor must be considered as the sum of activity of cozymase 
and pyndme adenosine tnphosphate It may be seen, therefore, that the 
order of magnitude of blood dilution m relation to the concentration m 
oodehydrogenases corresponds roughly to the figures which have been 
found with purified oozymase. 
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This activity of codehydrogenases at dilutions of 1/250 to 1/300 millions 
could be considered as very strong evidence that growth factor “V” is 
a codehydrogenase (see note, p. 369). 

We shall find additional proofs of this fact in studying (1) the properties 
of reduced “V” factor, and (2) its physiological functions. 


Oxidized and Beditced “V” Faotoe 

As already pointed out, it was shown by Fildes (1921) that “V” factor 
withstands boilmg in acid solutions but is very rapidly destroyed by boilmg 
m slightly alkalme solutions Codehydrogenases possess the same property 
But reduced codehydrogenase (we shall use here the term “reduced ” in the 
sense of reversibly reduced only) possesses inverse properties and is heat- 
stable in alkaline solutions It was mteresting to ascertam whether the 
“V” activity of codehydrogenases was followmg the same rule We could 
see that (1) solutions of oxidized pyridine nucleotide di- and triphosphate 
keep their “ V ’’ activity after heating for 40 min at 100° C at pH 4 2, and 
(2) the “ V” activity is completely destroyed after 20 mm at 100° C at 
pH 8-6 

If the codehydrogenases are reduced, the “V” activity is not destroyed 
by heating in alkalme solutions 10 ml of each of the two codehydrogenase 
solutions were reduced by addmg 2 ml of the followmg solutions, prepared 
just before using anhydrous NajSjO, O'l g , phosphate buffer M/10 
pH 7-3 10 ml The solutions of reduced codehydrogenases are brought up 
to pH 9 5 by addition of NaOH N and heated m a water bath at 100° C 
for 40 mm These solutions after neutralization and filtration proved to 
be still active as “ V ” factor 

The activity having m this case not been tested quantitatively, it is not 
possible to say whether there was partial destruction or not Nevertheless, 
it can be pointed out as certam that the “V” activity of oxidized code- 
hydrogenases 18 completely destroyed by heating at 100° C for 20 mm 
at pH 8 5, and that the “ V ” activity of reduced codehydrogenases is not— 
or only partly — destroyed in 40 mm at 100° C at pH 9*6. 


Spboifioity of Codbhydeooenases 

It has been shown by Euler and Myrback (1931-35) that Harden and 
Young’s cozymase contains adenylic acid and by Warburg and Christian 
that the active group of both codehydrogenases was the /ff-mcotimcamide, 
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Harden and Young’s coatymase being a pyridine nucleotide diphosphate 
and Warburg’s ooenzyme a pyridine nucleotide tnphosphate The result 
of previously described expenments is that growth factor “V” must be 
considered as equal to codehydrogenases 

The conclusion is therefore that U paratnjluenzae is unable to synthesize 
codehydrogenases, that is to say pyndine nucleotide phosphate compounds 
This disability may be due to the fact that the synthesis of one of the 
components of codehydrogenase is impossible To see whether this hypo- 
thesis was correct or not we tried the activity as growth factor of the different 
parts of codehydrogenases The solutions of the substances were sterilized 
by filtration and studied at dilutions from 1/10,000 to 1/200 millions For 
each substance a control of non-toxicity was made to two tubes of medium 
containing the maximum amount of experimental substance “V” factor 
was added and growth took place normally 

Yeast and muscle adenylic acid, nicotinic acid, its amide* and diethyl- 
amide were tested and proved to be unable to act as growth factor “ V ” 
(see note, p 369). 

We may therefore conclude that the need of growth factor “V”, that is 
to say codehydrogenases, is due to the lack of power of synthesizing the 
compound adenme -l- pentose + phosphoric acid-i-yff-nicotimcamide, the 
exact mode of grouping of which is still unknown 

It has been established by parallel study of the morphological evolution 
of protozoa and of their power of synthesis that a “ physiological evolution ” 
must be considered which is characterized by a decrease m the power of 
synthesis, that is to say, a loss of function (Lwoff 1932) Similar conclu- 
sions were arrived at independently by Kmght (1936) considering the power 
of synthesis of bacteria The problem of growth factors has been specially 
studied from this pomt of view (Lwoff 19360, b) and it was shown 

(1) that all the chemically known growth factors are fundamental and 
general constituents of living organisms , (2) that this need of growth factors 
18 secondary — bemg due to a loss of power of synthesis and not to new 
growth requirements. 

If we consider codehydrogenases as growth factors, wo see that 

(1) Codehydrogenases are to be found in all living tissues 

(2) All free-living and parasitic bacteria, with a very few exceptions, 
synthesize codehydrogenases, being able to act as nursing bacteria for 
H paratnjluenzae 

(3) The absence of abihty to synthesize codehydrogenases is therefore 
secondary and due to the loss of this specific ability 

* Synthetic preparation of D Hartree 
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Bioohbmioai, Appucation 

0 004y of codehydrogenase added to 1 c o of peptone solution allows the 
growth of H parainfluenzae, and therefore this must he considered as the 
most sensitive test of pyndine nucleotide phosphates 

It 18 very important, when this test is performed, to work at pH 7*6 
In presence of excess of “V” the growth is excellent at pH 6 8 and 7-5 
But m presence of a small amount of “V” good growth can be obtamed 
at 7*6, though no noticeable growth takes place at pH 6 8 This will be 
discussed in the following paper It is highly advisable when these tests 
are performed 

(1) To add glucose to the media (after sterilization] 

(2) To add (after sterilization) phosphate buffer M/1 pH 7-6, to bring 
the final concentration to M/20 

(3) To use as inoculum a 24 hr old culture grown with a very small 
amount of “V”, so that the control without codehydrogenase should be 
negative 

Under these conditions the result is obtamed m 12-18 hr (37® C ) 


Summary 

Growth factor “V” from yeast (extract obtained at 80® C at pH 4-5) 
is not precipitated by banum acetate at pH 8- 5 nor by lead acetate at 
pH 6-8 It IS precipitated by lead acetate at pH 9-6, by mercuric mtrate 
at pH 7'0 and by alcohol It withstands desiccation tn vacuo 

Growth factor “V” can be replaced by punfied codehydrogenases 
(see note, p 369) Both Harden and Young’s cozymase and Warburg’s 
ooenzyme are active 

The “V” activity of oodehydrogenases which is destroyed in 20 mm 
at 100° C at pH 8 5 remains unchanged at pH 4 2 for 40 mm at 100° C 
On the other hand, the “V” activity of codehydrogenases reduced jvith 
sodium hydrosulphite can be shown even after heating 40 min at 100° C 
at pH 9-6 

When approaching the active limit of dilution of “V” the bacterial 
growth IB closely related to the amount of the growth factor The maximum 
dilution compatible with the development of a bacterial cloudiness visible 
to the naked eye is about 1/270,000,000 (dry weight of codehydrogenase) 

The amount of growth factor necessary for growth at pH 6 8 is greater 
than at pH 7*6 
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Adenylic acid (yeast or muscle), niootimo acid, mcotimc acid amide and 
diethylamide are unable to act as growth factors 

U paraxnfluemae and some other organisms which need “V” for their 
growth are to be considered as having lost the power of synthesizing 
codehydrogenases, that is to say, pyndme nucleotide phosphates 
It 18 possible by means of a growth test with H paratnfluenzae to detect 
O’ 004 y of codehydrogenase 
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[Note added %n proof 16 February 1937 — Thanks to the courtesy of 
Professor Otto Warburg, we were able to test the activity of new pre- 
parations of pyndme nucleotide di- and tnphosphates The preparations, 
according to i^fessor Warburg are “ fast rem, enthalten aber noch 
erne kleine Menge der duoreszierenden Begleitsubstanz, wahrsoheinhch 
para-dihydro-nuoleotid ” 

The two pyridme nucleotides were active as “V” factor, the limit of the 
activity of pyndine nucleotide triphosphate being about 1/600,000,000. 

On the other hand, we are able to add that the orthodihydropropyl 
mcotmicamide, kindly given to us by Dr F Stare, is devoid of “V” 
activity,] 
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Historical 

Despite the facts that nothing was known about the nature of growth 
factor “V” and that no experiments had been performed In order to test 
its action, some hypotheses have been bmlt up with regard to its possible 
physiological function for mfluenza bacilli These hypotheses have been 
reviewed by Scott, L Anderson and M Pittman. 

Introduction 

The fact having been estabbshed that codehydrogenases are necessary 
for the growth of Haemophilus parainfluenzas the problem of their 
physiological function for this organism still awaited solution (See pre- 
liminary paper A. and M Lwoff 1936 ) 

The working hypothesis was that codehydrogenases are used as such by 
the bacteria As one of the functions of codehydrogenases is to transfer 
activated hydrogen from the substrate-dehydrogenase to a hydrogen 
acceptor, we expected to be able to detect the function of codehydrogenases 
m studying their effect on the speed of reduction of methylene blue and 
on the oxygen uptake by bacteria 

It must be pointed out that as H. parainflmnzae does not grow without 
codehydrogenase, codehydrogenases must be present m the growing cells 
As a matter of fact, when studying bacteria grown with an excess of “ V” 
(16 hr. old culture grown after heavy mooulation m 100 ml of peptone 4- 
3 ml of pure yeast extract) we were not able to detect any action of co- 
zymase on the speed of reduction of methylene blue or on the respiration. 
The culture medium and the bactena bemg saturated with growth factor 
“V” it 18 quite natural that the addition of more codehydrogenase should 
be without effect 

• Institut Pasteur, Fans. Rockefeller Foundation Research Fellow. 

[ 360 ] 
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Ito order to study the speoifio effect of oodehydrogenasea it is necessary 
to use the method already described (A. Lwoff 1933, 1934) in the study 
on the ph3rsiologioal action of haematm as a growth factor for “ parahaemo- 
trophio’’ organisms. 

This method consuta m growing the organism with a small amount of growth 
factor so that the amount of growth factor is the only limiting factor of the develop- 
ment For H para\nfivLenzat we added to 200 ml of peptone solution (m a flat flask 
20 cm. diameter) 1 6 ml of yeast extract diluted 1/10 With this concentration the 
density of the culture was approximately 1/6 of the density obtamed with an excess 
of yeast extract The inoculum of the flasks consisted of 1 ml of a 24 hr old culture 
grown m the presence of yeast extract 1/6000 Under these conditions the bacterial 
growth IB almost entirely finished after 20 hr 

The bacteria of the culture grown under these conditions will be referred 
to as culture or bacteria “V—” The culture and bacteria grown with 
excess of “V” will be called “V + ” 


Condition of the Experiments 

To measure the reduction time of methylene blue, 6 ml of a “V-” 
culture were introduced into a Thunberg-Keilin tube As growth can 
take place if codehydrogenase is added, the time of reduction under this 
condition must therefore be small, approximately 10 min 

The best procedure to study the oxidation of various substrates is to 
centrifuge off the culture, to suspend the bacteria in Rmger-phosphate 
pH 7‘6, M/20, to centrifuge off again and to resuspend them m a fresh 
buffer solution Bacteria treated m this way will be referred to as washed 
bacteria. 

If, for example, we measure the time of reduction of 50 y of methylene 
blue by a 26 hr old “ V - ” culture, grown in presence of glucose* we find 
it to be 80 ram without added cozymase, and 8 mm when oozyraase is 
added 

, time of reduction without codehydrogenase ,, * 

The ratio — ^ — 3 — -r— . ■ ^ will be referred 

time of reduction with codehydrogenase 

to as “ index of codehydrogenase activation ’’ or “ i c a ” Several conditions 
must be reahzed in order to obtain consistent figures of i c a 

( 1 ) An excess of codehydrogenase is necessary and 6 7 per ml of bacteria 
suspension is convenient for this purpose As will be shown later, when 
a small amount of codehydrogenase is added the speed of reduction varies 
with the added amount ' 

* Imtial pH 7 6, final pH 6 8, phosphate buffer M/1, pH 7 6 is added m the 
Thunberg tube to bnng it to concentration M/20. 


Vot cxxn— B 



362 


A. and M. Lwoff 


(2) It 18 necessary to keep the tube 7 mm. at 38“ C. before adding the 
methylene blue from the side bulb, because an incubation period is neces- 
sary to allow the oodehydrogenases to act within the cells. 

Example — “ V - ” baotena grown in presence of glucose are washed, 6 ml. of the 
suspension are mtroduced into Thilnberg-Keilm tubes. Codehydrogenase is added 
either to the bacterial suspension or to the methylene blue m the side bulb After 
7 rain, at 38° C , methylene blue or methylene blue + codehydrogenase is mixed with 
the bactenal suspension The reduction time is as follows (a) baotena without 
codehydrogenase, 66 mm , (6) codehydrogenase m the suspension, 82 sec. , (c) co- 
dehydrogenase in the side bulb, 266 sec Incubation penod 265-82= 173 sec. In 
other expenments the mcubation period when either co^ymase or Warburg’s co- 
enzyme were added (glucose or pyruvate bemg used as substrate for both codehydro- 
genases) was between 90 and 166 sec In some cases the mcubation penod was found 
to be 3, 6 and 6 min The average penod of mcubation was found to be 2} mm 
Nevertheless, before adding methylene blue to the Thunberg tube from the side bulb 
m all our experiments the tubes are kept 7 min at 38° C 

(3) The reaction of the liquid is very important In the presence of an 
excess of codehydrogenase the speed of reduction of methylene blue is 
approximately the same at jiH 6 8 and 1-5 (I/IO slower at 6>8) But when 
no codehydrogenase is added to “V — ” bacteria the speed of reduction is 
6-7 times slower at pH 6 8 than at pH 7 6 This is probably due to a more 
rapid destruction of codehydrogenase at pH 6-8 

This has been verified by growth experiments 

(a) If an excess of “ V” is added, very good growth is obtained at pH 
6‘8 and 7 6. 

(b) In the presence of a small amount of “V” the growth is slow and 
the final density of the culture is less at 6 8 than at 7-6 

(c) It 18 possible to find a concentration of “V” at which good growth 
takes place at 1-5 and no growth at 0 8 (for these experiments the peptone 
solutions are buffered after sterilization with sterile phosphate M/1 to 
bring them to a concentration M/20) 

(d) It must be noticed that when “V — ” bacteria are kept at room 
temperature the i c a may increase It is therefore necessary to compare 
only figures obtained with the same emulsion at the same time 


Changbs of I c a dubinq the Culture 

We may assume that the value of i o a gives a measure of the code- 
hydrogenase content of the cell If the i c a is, for example, 2, this would 
mean that 60% of the codehydrogenase is missing The percentage of 

destroyed codehydrogenase would be given by the formula 


1 c a. 
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It must be noticed that, according to this equation, small changes in the 
value of i c a between I and 2 correspond to important differences in the 
percentage of destroyed oodehydrogenase 

It 18 interesting to follow the value of i c a during the whole development 
of a culture. Dunng the first phase of the growth the i c.a was 1 Sixteen 
hours after the inoculation the growth seemed to cease almost completely, 
showing an mcrease of only l/36th per hour during the following few hours.* 
At this moment the i c a was 1 63 That is to say, 30 % of the amount of 
cozymase was destroyed The case recorded above is of a culture grown 
without glucose The i c.a given is for cozymase measured by comparing 
the speed of reduction of methylene blue in the culture itself, with and 
without cozymase In the following hours the i c a increased as follows 
16 6 hr 1 63, 18 hr 2-64, 20 hr 6 76, 22 hr 13-6 
In this case, the percentage of destroyed cozymase was 30% per hour 
of the actual amount of cozjrmase present in the cell The only thing we 
want to emphasize here is that when 26 hr old “V-” cultures, grown 
under the conditions descnbed, are studied the i c a vanes between 7 and 
30, that IS to say, 86-97 % of the codehydrogenase has been destroyed 
A 26 hr old “V-” culture thus provides us with good material for the 
study of the physiological function of the codehydrogenase 

Oxidation of Various Substances by “ V - ” Bacteria 
“V — ” bacteria (grown in presence of glucose) are carefully washed so 
that the controls without substrate, with or without oozymase, show no 
reduction of methylene blue These bacteria have been tested for their 
abihty to oxidize vanous substrates and the results obtained are sum- 
marized in Table I The speeds of reduction are averages of two or three 
measurements 

It IS seen that in presence of cozymase (ly/ml of suspension) glucose 
IS oxidized much more rapidly than other substrates, but in a^isenoe of 
oozymase lactate and succmate are oxidized quicker than glucose This 
proves that the lactic and suocmio dehydrogenase of H paramfluenzae are 
able to work without oodehydrogenase, like the yeast lactic dehydrogenase 
The slight increase in speed of reduction of methylene blue when cozymase 
is added must be connected with the fact that the oxidation of pyruvate 
and fumarate (oxidation products of lactate and succinate) depends on 
oodehydrogenase. 

• The age of the culture depends, of course, on the amount of fluid inoculated, on 
the amount and physiological conditions of inoculum and the amount of “V” fsotor 
present. 
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Tablb I 


The speed of reduction of a given amount of methylene blue. When glucose is 
used as a substrate in presence of an excess of codehydrogenase the speed is arbitrarily 
taken as 100 

If r IS the time of reduction of methylene blue m presence of glucose + codehydro- 
genase, (' the tune of reduction for another substrate, the speed for this substrate is 
Tx 100 

t' Speed of reduction of methylene blue by 

washed “V — ” bacteria grown m 
peptone + glucose 

+ added codehydro- 
Without added gonase (m 

codehydrogenaso Thunberg tube) 

0 0 

3 100 

<0 16 9 

<015 56 

<0 16 5 

<0 15 7 

<0 15 6 

<0 15 2 3 

13 17 

6 135 


0 (control) 

Olucoso 

Pyruvate 

Fumarate 

Malate 

Ethyl alcohol 
Asparagine 
Valme {d and 1-) 
d-/-Lactate 
Succinate 


We must add that, despite the fact that lactate is oxidized without 
codehydrogenase, H parainftuenzae is unable to grow in peptone + lactate 
when no codehydrogenase is added 


Action of Codehydrooknases on Respiration and Glycolysis 
The increase in respiration of washed “ V - ” bacteria, grown m peptone 
+ glucose and suspended in Ringer phosphate + glucose, when cozymase 
IS added is 9 This is the average of three measurements of oxygen uptake 
in presence of KOH, When the respiration is measured, in order to obtain 
a sufficient oxygen uptake without cozymase, it is necessary to take sus- 
pensions five times thicker than those with cozymase Otherwise, the 
oxygen uptake would be too small 

Table II shows the effect of cozymase on respiration and aerobic and 
anaerobic glycolysis, measured with Warburg’s “Kastchen” method It 
IS seen that mcrease of both aerobic and anaerobic glycolysis are approxi- 
mately twice the increase of respiration and that the increase of glycolysis 
IS of the same order of magnitude as the i o a Other experiments gave a 
relative value of respiration to glycolysis as follows .100 Xg* 79 
and Jlq, 100 . Ag* 180. The has not yet been detenmned. 
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Metabolum of bacteria grown m peptone + glucose (Warburg’s “ KAstchen ” method ) 
Washed bacteria suspended m Ringer bicarbonate + glucose Gas mixture 5 % C0,/0, 
or 6%C0^,. 


^o. 

Without coz 3 m[ia 8 e 8 7 
With corymase 100 


dXo. 

30 

11 0 20 4 

81 6 


Meyerhofs 

quotient 

7 8 0 45 

19 3 

160 0 68 


80% of the respiration is inhibited by HCN M/500 or M/1000 when 
the substrate is peptone, laotate or succinate, but only 45-50% when 
glucose 18 oxidized H paratnfltienzae contains cytochrome and catalase 


Quantitative Action of Cozymase 

As the action of cozymase on the growth is quantitative, it was expected 
that its action on the rate of methylene blue reduction would also be 
quantitative and this would enable us to obtain a figure of the “ turn over” 
(“ Wechselzahl”) Experiments were done in the following way 

“ V - ” bacteria grown m presence of peptone + glucose were washed and 
suspended in Ringer phosphate Glucose was added and the reduction time 
of methylene blue measured in presence of various amounts of cozymase 
As the control without cozymase is able to reduce methylene blue, a cor- 
rection IB necessary so that the figure should represent the speed of 
reduction of methylene blue due to the added cozymase only If T is the 
time of reduction of the control without cozymase, <' the time of reduction 
with cozymase, Tt'IT—t'* represents the time of reduction of methylene 
blue connected with added cozymase (Table III) A definite relation exists 
between the amount of added cozymase and the speed of reduction of 
methylene blue The discrepancy between the data obtained and those 
theoretically expected is rather high, but so many factors are involved m 
these expenments that it is difficult to expect better results and these 
results are quite sufficient to give an idea of the order of magnitude of the 
turn over 

• In the tune t' the control (without added cozymase) has reduced the t'/T part 
of methylene blue 

In the period (' the added cozymase is then responsible for tlie reduction 1 — {t'/T) 
part of methylene blue 

To reduce the total amount of methylene blue a time x = - — x t' = Tt'l{T - <') 

1 — (I /I ) 

would be necessary. 
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Added oozymase 

Time of reduction 
of lOOy of 
methylene blue 

TABI.B III 

Theoretically 

No. of mol. of 
methylene blue 
reduced m 

1 sec. by 1 mol. 
of added 

m y 

(m sec ) 

Tl'/T-t' 

expected 

oozymase 

0 

1640 = r 

— 

— 



0 0166 

1234 = 1' 

6860 

13200 

1 62 

0-166 

688 = 1' 

940 

1320 

1-29 

1 66 

122 = 1' 

132* 

132 

09 

16 6 

61=1' 

— 

— 

— 

166 

60=1' 

— 

— 

— 

0 

2090 =!r 

_ 

_ 

_ 

0 0332 

1740 = 1' 

10400 

6260 

0-7 

0 1668 

930 = 1' 

1678 

1060 

07 

1 668 

100 = 1' 

m* 

105 

1 16 

16 68 

76 = 1' 

~ 

Average 

1 06 


* Time of reduction with I 66y oo/ymaee taken as comparison number 


The turn over m this case is the number of molecules of methylene blue 
reduced in 1 sec at 38° C by 1 mol of added cozymase When the turn 
over 18 calculated by measuring the mcrease of oxygen uptake due to a 
given amount of cozymase, the result (Table IV) is approximately the 
same In this case, the turn over for added cozymase is twice the number 
of oxygen molecules taken up in 1 sec t 

Tablb IV 

Added oozymase Oxygen up- Theoretically Turn-over 

my take = Xo^ Xo,-6 2 expieoted (for 1 sec ) 

0 6 2mm» 0 — 

0 1668 10 3 41 41 0 06 

1 66 40 2 34 41 0 8 

33 36 60 4 44 2 — — 

The turn over found, approximately 1 by the two methods, is relatively 
low when compared with 56, the figure found by Warburg and Christian 
for the “ Wechselzahr' of pyridine nucleotide triphosphate, working with 
the hexosemonophosphonc system But it must be taken into account 
that the turn-over value is calculated m our case by assummg that all the 
added cozymase is quantitatively absorbed and quantitatively involved 

t We may add that the number of moleouloe of methylene blue reduced by a given 
bootenal suspension m presence of glucose and oozymase is twice the number of 
molecules of oxygen taken up by the same suspension at the same time. 
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in the oxidation of glucose, and that this is probably not the case If we 
measured the turn over in presence of pyruvate as substrate, we should 
find a much lower value The value given must therefore not be considered 
as normal. 


Biochemical Application 

By means of the growth test 0*004y of codehydrogenase may be easily 
detected By means of the methylene blue reduction test 0 016y has 
proved necessary when workmg with 6 ml of bacterial suspension It 
would certamly be very easy to work out a micro- method which would 
allow detection of 0 001 y of codehydrogenase in approximately 20 min. 

The Specific Functional Utilization 

“ V - ” bacteria grown in peptone -f- glucose are unable to oxidize glucose 
But “ V - ” bacteria grown in peptone alone without glucose are still able 
to oxidize glucose If the age of the culture is conveniently chosen, it is 
possible to find bacteria (Table V) which oxidize peptone very slowly and 
oxidize glucose at the same speed, with or without added codehydrogenase 
(The speed of reduction of culture + codehydrogenase and culture -(-glucose 
-I- codehydrogenase is the same ) 


Table V 


Reduction time of 
methylene blue by 6 ml 
cultures 


Culture 


grown in Age 

peptone hr 

-(■glucose 24 

•fO 26 

+ 0 48 


T 

glucose 

■f code- 1 c a 

+ hydro cozy- 

+ 0 glucose genase mase 

180 180 12 15 

38 10 10 3 8 

390 42 8 42 


• % destroyed codehydrogenase : 


% de- % de- 
1 c a stroyed stroyed 
W ’b oozy- W ’s 

oof mase* oof.* 

16 93 93 

1 74 • 0 

6 2 98 81 

W ’s oof = Warburg’s co- 


ferment (pyndme nucleotide triphosphate) 


In order to explain these facts, a number of experiments were made, 
the results of which are given below co-ordinated with others already 
mentioned 

( 1 ) “V-” bacteria grown in peptone -(- glucose are unable to oxidize 
pyruvate, fumarate, malate, alcohol, asparagine, valine 
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(2) “V — ” baotena grown m peptone alone are unable to oxidize 
pyruvate and fumarate (other substrates not tested). 

(3) “ V - ” bacteria grown m peptone alone or peptone + pyruvate are 
able to oxidize glucose and hexosemonophosphate (Robison’s ester) 

(4) “V—” bacteria grown in peptone + glucose are unable to oxidize 
glucose and hexosemonophosphate (Table VI) 


Tablb VI 


-V-” 


Reduction time of methylene blue by 6 ml 
culture (m mm.) 


bactena 
grown in 



+ ht'xoae- 
inono- 

-t-codehy- 

peptone 

-1-0 

-1- glucose 

phosphate drogenase 

+ 0 

330 

19 

26 

16 

+ Pyruvate 

>90 

12 

12 

12 

+ Fumarate 

90 

9 

— 

9 

+ Qlucose 

100 

96 

92 

20 

-)• Hexosemono- 
phosphate 

76 

76 

75 

10 


1 c a Warburg's 
cozymaae oof 
22 1 5 

> 8 1 

10 1 

0 43 

7 6 7 6 





Fig. 1 — (A) Baotena grown with excess of *‘V” = bactona “V + ” (B) and (C) 

Bactena grown with small amount of “V” (V limiting factor = “V — ” baotena) 
(B) In peptone alone (C) In peptone + glucose or + hexosemonophosphate Co* » 
oozymase (pyndme nucleotide diphosphate) 1^= Warburg's ooen/yme (pyndme 
nucleotide tnphosphate) 


(5) “V — ” bactena grown in peptone + hexosemonophosphate are un- 
able to oxidize glucose and hexosemonophosphate 

The foUowmg conclusions may be drawn from these experiments’ 

(a) The codehydrogenase connected with the oxidation of pyruvate, 
fumarate, malate, and alcohol is cozymase It therefore appears that 
oozymase is used up in “V - ” bactena grown m peptone (Exps. 1 and 2). 

(6) The oxidation of glucose and hexosemonophosphate is not con- 
nected with oozymase (Exp. 3). 
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(c) Codehydrogensee connected with glucose and bexosemonophosphate 
oxidation is used up when bacteria are grown in presence of glucose or 
bexosemonophosphate (fig 1) (Exps 4 and 5) 

(d) As the codehydrogenase of hexosemonophosphate oxidation is 
Warburg’s coenzyme, in “V — ” bacteria grown in peptone alone or 
peptone + pyruvate Warburg’s coenzyme is not used up (Exp 3) 

(e) Warburg’s coenzyme is used up m presence of its specific substrate 
only (Exps. 3 and 5) 

(/ ) The oxidation of glucose is connected with the same codehydrogenase 
as the one of hexosemonophosphate oxidation (Exps 3, 4 and 5) This 
18 good evidence that one method for the breakdown of glucose by H 
pa/ratnfiuenzae is preceded by a phosphorylation, the phosphorylated sugar 
being then oxidized by a system m which Warburg’s coenzyme sicts as 
codehydrogenase It would be difficult to explain otherwise why Warburg’s 
coenzyme is used up in presence of glucose, except by admittmg that this 
coenzyme could be connected with the oxidation of another substrate than 
hexosemonophosphate (Table VII) 


Table VII 


Substrate 

“ V — " bactena grown m peptone 

If codehydro- 
■¥ glucose or genase is added 
Alone or hexosemono (m the 

+ pyruvate phosphate Tlinnberg) 

Codehydro- 
genase m- 
volved in the 
oxidation 

Glucose 

-1- 

0 

-1- 

Warburg’s 

Hexosemonophosphate 

+ 

0 

-f 

coenzyme 

Pyruvate 

0 

0 

+ 

Cozymase 

Fumarate 

0 

0 

+ 


Malate 

0 

0 

+ 


Ethyl alcohol 

0 

0 

+ 


Asparagme 

0 

0 

+ 


Valine (d- and 1-) 

0 

0 

+ 


"Peptone” 

0 

0 

+ 


Succinate 

+ 

+ 

■f 

None 

Lactate 

+ 

-f- 




+ = rapid reduction of methylene blue 0=810^ reduction of methylene blue. 


(g) Cozymase is used up in bactena grown in peptone alone. We have 
seen that methylene blue is reduced by washed “V-” bactena at a 
measurable spe^ when anuno-acids are given as substrates only when 
codehydrogenase is added The speed of reduction in this case is of 
the same order of magnitude as the speed for fumarate and malate We 
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have probably to deal here with the oxidation of the non-mtrogenous 
part of amino-aoids. As peptone contains amino-aoids the using up of 
oozymase in peptone may be connected, at least partially, with the oxida* 
tion of the products of breakdown of the amino-aoids. 

(h) The question was considered as to whether the decrease of oode- 
hydrogenase might not be due to a diffusion outside the cell or to a special 
enzymatic destruction, however Warburg’s coenzyme is used up in presence 
of its specific substrate only, and the rate of destruction of oozymase m 
“ V - ” bacteria is 30 % per hour of the actual content For this reason it 
seems probable that the usmg up of codehydrogenases is intimately con- 
nected with their function they disappear only when they act and probably 
because they act It must be considered that this destruction has been 
detected only when growth has ceased, because growth takes place only 
when codehydrogenases are present in the culture media This using up 
could of course not be detected with bactena synthesizing codehydro- 
genases 

As was shown by Warburg and co-workers pyndine nucleotide phos- 
phates can be over-reduced by nascent hydrogen in presence of platinum 
black, this over-reduction being irreversible (the pjrridine ring bemg 
converted into a piperidine rmg) On the other hand, Warburg found m 
blood corpuscles a pyndine compound supposed to be a “ wrongly dehydro- 
genated” pyndine compound It is possible, though only hypothetical, 
that the destruction of codehydrogenase connected with their action might 
be due either to over- or to para-reduction 


Fkke and Combined Codbhydeoobnasb 

(a) It has been shown that both pyndine nucleotide di- and tnphosphate 
enable " V - ” bactena to oxidize glucose and pyruvate and that they both 
allow the growth in peptone solution It therefore appears (fig 2) that the 
following reaction, pyndine nucleotide diphosphate pyndine nucleotide 
triphosphate may occur within the cell The incubation period being very 
small, 90-160 sec , this reaction is very rapid 

{b) But we are obliged to conclude that bactena may exist (Tables V, 
VI and VII, and fig 1 B) which contain a “normal” maximum amount of 
Warburg’s coenzyme and a very small amount of oozymase Warburg’s 
coenzyme disappears very slowly m bactena grown in peptone alone In 
48 hr old “V- ’’culture, that is to say, in the conditions of our experiments, 
the bactena, having not divided for 28 hr , still contain 20 % of the normal 
amount of Warburg’s C 06 nz 3 nne (Table V). From this it may be concluded 
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that bacteria are anable to convert Warburg’s ooenzyme into cozymase or 
that this reaction is exoeedmgly slow. 

This conclusion is in complete contradiction with the conclusions of 
paragraph (a), but as the experiments on which these two conclusions are 
based are presumed to be correct, and as the reasoning is presumed to be 
correct too, explanation must be found for this contradiction Eveiything 
becomes clear if we admit the hypothesis that codehydrogenase may exist 
in the cells in two states (fig 2) 

(1) A free state immediately following the absorption, a free state in 
which the reaction pyndine nucleotide diphosphate pyridine nucleotide 
triphosphate is possible 

(2) A combmed state in which this reaction is no longer possible 
According to Theorell the study of the migration of coenz3rme and 

dehydrogenase in an electric field gives no indication of any compound 
formation between the enzyme and the coenzyme 



Fio 2 — Di6igrarn showing the relationship between “free” 
and “combined” pyndme nucleotide phosphates 

But the fact that enzymes may exist in the cell in a combmed stage is 
well known especially for amylase (Oparin 1934) Moreover, according to 
Euler and Myrbhok, dried washed yeast, freed from cozymase, is unable to 
ferment during 6 hr but after this penod fermentation may take place 
Tn this case, we are dealmg with combined, inactive enzymes which can 
be recovered only after some hours In the case of H parainflvenzae we 
have a combmed active Warburg’s coenz3mie, the combmation of which 
does not prevent its activity but makes impossible its transformation into 
coz3mia8e. 

It seems therefore that the only way to explam our results is to admit 
that codehydrogenase may exist in the cell either in a free or m a combined 
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state and that probably the oombmed state is between dehydn^nase and 
its codehydrogenase This oonolusion is based upon the study of the physi- 
ology of oodehydrogenases within the cells 

We are deeply indebted to Professor D Keihn for the kind hospitahty given 
in his Institute and for many helpful suggestions throughout the course 
of this work We wish to thank Dr Tadeusz Mann for his assistance dunng 
the isolation of “V” and most particularly for his valuable suggestion as 
to the actual nature of the growth factor 


Summary 

(1) Codehydrogenases are without action on the speed of reduction of 
methylene blue and on the oxygen uptake of bacteria grown in presence 
of an excess of “ V ” ( = bacteria “ V + ”) 

(2) Codehydrogenases increase the speed of reduction of methylene blue 
by bacteria grown with a small amount of “ V ”, the amount of ” V ” being 
the only limiting factor of the growth ( = bacteria “ V - ”) 

(3) The ratio of time of reduction of methylene blue without codehydro- 
genase to time of reduction with codehydrogenase, or index of codehydro- 
genase activation ( = i c a ), varies from 1 to 100 according to the age of the 
culture 

(4) An incubation period of 90-160 sec is necessary to allow the oode- 
hydrogenases to act in the cell. 

(6) The oxygen uptake of “ V bacteria of 1 c a 26 is increased about 
ten times by oodehydrogenases The aerobic and anaerobic glycolysis 
about twenty 

(6) The action of codehydrogenases on the speed of reduction of 
methylene blue and of respiration (when approachmg the lumt of dilution) 
18 quantitative The turn-over number — ^number of molecules of hydrogen 
transferred in 1 sec by I mol of added oodehydrogenase — is approxi- 
mately 1 

(7) “ V - ” bacteria grown in peptone -f glucose are hardly able to oxidize 
glucose, hexosemonophosphate (Robison’s ester), pyruvate, fiunarate, 
malate, ethyl alcohol, asparagme, d- and 1-valme All these substrates are 
rapidly oxidized if cozymase or Warburg’s coenzyme are added (i o a > 30), 

(8) In “V-” bacteria grown in peptone alone or peptone -4- psruvate, 
oozymase is used up 

(9) In ” V - ” bacteria grown in peptone alone or m peptone + pjOTivate, 
Warburg’s coenzyme is not used up These bacteria are able to oxidize 
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glucose and hexoeemonophosphate at the same speed, with or without 
added oodehydrogenase. 

(10) In “V-” bacteria, grown m peptone + glucose or peptone + 
hexoeemonophosphate, Warburg’s ooenzyme is used up 

(11) Warburg’s ooenz3rme is used up in presence of its specific substrate 
only. 

(12) The reaction pyndme nucleotide diphosphate pyridine nucleo- 
tide triphosphate is possible within the bacteria when codehydrogenases 
are supplied 

(13) Pyridine nucleotide triphosphate may exist in the bacteria in a 
combined state, being potentially active as a coenzyme of the oxidation 
system of hexosemonophosphate and being unable to undergo conversion 
into pyndme nucleotide diphosphate 
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The Induction of Ovulation in the Rabbit, by 
Electrical Stimulation of the Hypothalamo- 
hypophysial Mechanism 

By G W Harris, Departtnent of Anatomy, Cambridge 
(Communicated by F H A. Marshall, F R 8 — Received 26 November 1936) 
[Plates 16 - 17 ] 

In two recent papers, by MarshaU and Vemey (1936), and by Hams 
(1936), the mechanism concerned with ovulation in the rabbit has been 
fully discussed In view of this, only a brief summary of the present posi- 
tion will be given here 

Ovulation m the rabbit occurs normaUy only after some form of sexual 
excitement There is much evidence to show that the factors mvolved are 
first, a nervous stimulation from the gemtal region and perhaps from the 
cortex, acting on the anterior lobe of the pituitary gland, and secondly, a 
hormonal factor, the pituitary gland seoretmg a gonadotropic hormone 
which affects the ovaries 

The nervous pathway by which the pituitary gland is stimulated has not 
yet been fully determmed Cajal (1894) was the first to show that the 
posterior lobe of this gland is in direct nervous connexion with the hypo- 
thalamus More recently, Grevmg (1925, 1926) and Pmes (1925) have 
shown that the supra-optic and paraventricular nuclei supply the posterior 
lobe with fine non-meduUated nerve fibres passing through the uifundi- 
bulum The only known nerve supply of the antenor lobe is fi’om the 
supenor cervical ganghon, through the carotid plexus (Dandy 1913) No 
fibres have been traced from the pars nervosa to the pars anterior. 

The three mam hypotheses which have been put forward concerning the 
pathways of nervous impulses to the anterior lobe of the pitmtary are as 
follows 

(1) That the impulses pass along sympathetic fibres m the superior 
cervical ganghon and the carotid plexus These are the only nerves which 
have been found entering this lobe of the gland That this is not the only 
path has been shown by Wogt {1931, 1933), Hinsey and Markee (1933), 
[ 874 ] 
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and Brooks (1935), who have all found that rabbits ovulate m a perfectly 
normal manner after extirpation of the superior cervical ganglia On the 
other hand, Hatenus (1933) showed that sympathectomized rats failed to 
become pseudo-pregnant foUowmg artificial stimulation, whilst Friedgood 
and Pincus (1935) managed to obtam ovulation m rabbits after electrical 
stimulation of the superior cervical gangha, a result that Hatenus (1934) 
had previously failed to obtam 

There is therefore evidence that the cervical sympathetic system plays 
some part m this mechanism, but presumably not a very large part. 

( 2 ) That there are s3rmpathetio fibres from the central nervous system 
which supply the pitmtary gland, other than those passmg through the 
superior cervical ganghon Thus Hmsey and Markee (1933) suggest that 
stimuh may pass to the antenor lobe, via the greater superficial petrosal 
nerve and the carotid plexus, that is, along paths descnbed by Cobb and 
Fmesinger (1932) and by Chocobski and Penfield (1932) 

There appears to have been no expenmental evidence put forward for or 
against this theory 

( 3 ) The third possibility is that there occurs a humoral or nervous trans- 
mission of stimuh from the postenor to the anterior lobe of the pitmtary, 
the postenor lobe itself bemg affected by nerve fibres from the hypothalamus 
The evidence for this has been mamly of a negative character, conoermng 
the effect of hypothalamic and pituitary -stalk lesions, on the sex cycles of 
vanous ammals Camus and Roussy (1920) showed that, m dogs, damage 
of the hypothalamus performed with a hot needle led to gemtal atrophy, 
though the pitmtary gland was left intact by the operation Bailey and 
Bremer (1921) found that gemtal atrophy m dogs followed lesions to the 
tuber cmereum performed by the temporal route so that there was no 
danger of concurrent damage to the pituitary gland Smith (1926) found 
that lesions of the tuber cmereum m rats produced, amongst other effects, 
gemtal atrophy Cushing (1932a), m discussmg Smith’s results, says that 
“m all probabihty this gonadal effect is merely another instance of mter- 
ference with hypophysial blood supply or of mtemipted nerve supply”. 
Richter (1934) cut the stalk, also in rats, and obtamed great prolongation 
of the oestrous cycle 

This evidence certainly seems to suggest that the hypothalamus and 
stalk of the pitmtary gland are concerned with sexual activity, probably as 
a functional umt, together with the antenor lobe 

The purpose of the present work was to discover whether the hypo- 
thalamus and stalk of the pitmtary gland played any part m the 
mechanism underlymg ovulation m the rabbit Three types of experiments 
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were performed to find the efiecte on ihe ovaries of; first, ledons of the 
stalk; secondly, eleotrioal stimulation of the ptuitaiy gland directly; and 
thirdly, eleotrioal stimulation of the hypothidamus. 


Lesions of the Stalk 

The original object of these experiments was to see whether rabbits would 
still ovulate following copulation, after section or lesions of the stalk. 

The operative technique was developed m collaboration with Professor 
G. T. Popa, for whose mvaluable aid and advice I am greatly indebted. A 
paper wdl shortly be published describing the surgery m full, so that it will 
suffice for the present to mention that the temporal route was used, that 
this included removal of the posterior half of one zygomatic arch and the 
superior half of the ramus of the mandible The lesions were made with a 
small piece of razor blade, which was ground to the required shape and 
mounted at the end of a fine probe It should be mentioned that the 
diaphragma sellae is well developed m the rabbit, so that during supra- 
sellar operations there is no danger of mcidental injuries to the pituitary 
gland 

Many rabbits died m fits within 2-3 days of the operation It is beheved 
that this was partly due to meiungitis (the condition for asepsis being poor), 
and partly due to injury of the hypothalamus and tuber. (See Bailey and 
Bremer 1921 ) 

Eventually six rabbits, four does and two bucks, were obtamed, with 
lesions of varymg extent m the stalk. Three showed transient polyuna for 
a few days followmg the operation, but a quick recovery to normal occurred 
in each case 

The following symptoms were the same m all the rabbits. For the 
period from to 6 months following operation the animals were, to out- 
ward appearances, normal m every way, they were lively, and plump, and 
had developed good appetites, but they showed complete lack of sexual 
mterest. These experiments were performed m the early months of the 
year, December to May, when under normal conditions the does are commg 
on to heat after the comparatively qmescent period of wmter. The two 
operated bucks, though, also showed this lack of desire, so that it is un- 
likely that the time of year was the decisive factor 

At the end of this penod all the animals commenced to waste. In spite 
of every possible attention, anorexia developed, the animals becoming more 
and more emaciated until death occurred from 2 to 7 months after the 
operation. 
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On poet mortem, all the animals ehowed a complete lack of visible fat 
The sexual organs were extremely atrophied The hypothalamus, umted 
to the pitmtary gland and the sella turoioa, was taken m each case, and 
serially sectioned After stammg the sections with haematoxylm and 
eosin, the lesions were verified histologically (figs 4 and 6, Plate 16 ) In 
all the ammals, it wets found that distal to (that is, on the pituitary side of) 
the lesion the stalk and posterior lobe were shrunken and very cellular 
(compare figs 0 and 7 Plate 16 ) Also in two of the glands a large 
accumulation of ooUoid was observed m the remains of the posterior lobe 
(see fig 4 ) Oersh and Tarr (1935) have lately questioned the function of 
this colloid They suggest it might be a histological artifact If this is true. 
It 18 difficult to see why the colloid should increase in amount after lesions 
of the stalk In the immediate vicinity of the lesion there was also a 
varymg accumulation of small darkly staining cells, agam sharply 
locahzed to the distal segment of the stalk Crowe, Oushmg and Homans 
(1910), and (\i8hing and Goetsch (1910) also noted these effects after 
similar experiments The number of cells m the antenor lobe appeared 
greatly increased The mdividual cells in this lobe, seemed to have lost 
most of their cytoplasm and this, together with the fact that the nuclei 
stamed darkly with haematoxylm, gave the general appearance of a 
collection of small lymphocytes (figs 8 and 9 Plate 16 ) It was noticed 
that the antenor lobe was still very vascular 

According to Popa and Fielchng (1930) there is no reason why lesions of 
the stalk should mterfere with the systemic circulation of the pitmtary 
gland, the artenal supply commg directly off the internal carotid artery, 
and a proportion of the venous drainage returning to the cavernous sinus 
In this case, it follows that the atrophy of the pitmtary noted above is 
probably due to interference with the nerve supply It appears therefore, 
that lesions of the stalk lead to degeneration of the pituitary gland 
accompamed by the disappearance of sexual desire As regards the cause 
of the degeneration, the results to be given seem in no way adverse to the 
suggestion just made, so that the degeneration observed may be due to 
lack of (perhaps, tonic secreto motor) nervous impulses rather than or m 
addition to, lack of blood supply 

Stimulation of the Pituitary Gland and Hypothalamus 

In developmg the technique for these expenraents, 1 owe a deep debt of 
gratitude to Dr J Beattie and Professor W R Hess, both for their m- 
valuable advice and for their kindness in permittmg me to work for a short 
time m their laboratories m order to study their techniques 
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BIS 

The rabbits used wer^ My matured does that bad been aeparated for 

at least IS daya, and inmost oases for 30 days - ^ 

As an anaesthetic, ether administered mtratraobeaUy was found to be 
most satisfactory The trachea was easily sutured at the end of the experi- 
ment with two stitches, the only difficulty being that of cleaning the 
pharynx from mucous before suturing 

The method of stimulation was to insert the electrode through a small 
trephme hole, m the top of the skull, at bregma It was always inserted 



Pio 1 — Diagram of a sagittal section through the oramum of a rabbit, to show the 
paths taken by the electrodes ( x 2 normal ) A—B, antenor posterior tangent to the 
skull, through bregma, ac, antenor oonumssure, hr, bregma, c, optio chiasma, 
0 b , cerebellum , o c , corpus callosum , cer , cerebral hemisphere , h , postenor region 
of hypothalamus , » c , inferior oollioulus , m , mammillary body , med , medulla , 
m * , maasa intermedia , pj , antenor lobe of pituitary , p, , posterior lobe of pituitary , 
s 0 , supenor colliculus, 11, optic nerve, V, tngemmal nerve 

in the mid Ime, but by inclining the head at varying degrees antenor 
postenorly, different parts of the floor of the third ventnole could be 
stimulated 

The apparatus designed for this purpose consisted of two parts (see 
figs 10 and 11, Plate 16) , first a part for firm fixation of the head and for 
rotating the head mto any desired position The three pomts at which the 
head was clamped were the two postenor ends of the zygomatic arches and 
the upper mcisor teeth The second part was for insertion of the electrode 
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into the brain. The electrode was earned on a vertical rack, which could 
slide on a pivoted arm. Thus the electrode could be moved in any plane. 

To reach the various parts of the hypothalamus, the following pro- 
cedure was adopted. Sagittal sections were made through the heads of a 
number of rabbits, which had been fixed in 10% formalm for several 
weeks These were photographed, enlarged prmts were made and the 
various measurements taken For each pomt of the hypothalamus 
stimulated it was necessary to know two facts, first the distance of that 
point from bregma, and secondly the angle contamed between the Ime 
joining this pomt of the hyx>othalamus to bregma and a tangent of the 
skull drawn through bregma. (See fig 1 ) 

The average measurements obtamed are given in Table 1 


Optio chiasma 
Tuber omereum 
Mammillary body 
Posterior hypothalamus 
Pituitary gland anterior lobe 


Table I 


Distance of points 
from bregma 
cm 
1 60 
1 65 
1 80 

1 65 

2 10 


Angle between tangent 
to skull at bregma and 
line joining the pomt 
to be stimulate to 
bregma 
75° 

90° 

09° 

110 ° 

90° 


The procedure for stimulating, for example, the posterior region of the 
hypothalamus, was as follows 

Intratracheal cannula inserted Rabbit’s head fixed m the clamp An 
mcision in long made m the skm at the top of the head Head levelled 
transversely by means of a small oil level, placed on the two supra-orbital 
ridges and the two adjusting screws The antenor-postenor tangent through 
the skull at bregma levelled by the same means Head rotated through the 
required 20° to bnng the posterior hypothalamus perpendicularly beneath 
bregma. A small hole, 1 mm m diameter, trephmed through bregma, 
dura mater punctured Electrode arranged with the tip directly over 
bregma and then racked perpendicularly down through 1 65 cm 

Vanous types of electrodes were used m the prelimmary experiments. In 
the final experiments, however, umpolar stimulation was found easier to 
work with, smee the finer electrodes could be inserted with less damage to 
the bram and also gave more constant results The large diffuse electrode 
was a smooth brass rod inserted m the rectum, whilst the stimulatmg 
electrode consisted essentially of a fine steel wire, mounted m the holder of 
a hypodermic syringe needle and insulated with gloss capillary tubing to 
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within 1 imn from the tip The diameter of the wire was 0*26 mm and the 
external diameter of the glass capillary tubing 0-37 mm The stimulating 
electrode was always made the cathode The current used for stunulating 
was a direct, damped, pulsating current The final circuit used is shown m 



Fia 2 Fig 3 

Fig 2 — Diagram of electrode O glass oapillaxy tubing, H, holder of hypodermic 
syringe needle, JR, rod of insulating material for attachment of electrode to clamp, 
R, insulating solution of rubber, W, steel wire 

Fig 3 — Diagram of the final ciromt used A B, voltages tapped off potentiometer, 
measured across these two points, Ace, three 2 V accumulators. Am, miUi ammeter, 
C-D, current passmg through the ammal measured across these two pomta, Co, 
condenser of 4 p,F capacity , E-If potential difference across the electrodes, measured 
from these two points L, small lamp of 4 fi V, P, potentiometer, i?,, i?,, resistances 
of 1000 ohms V, contact breaker, ^8 c /sec 

fig 3 Three 2 0V accumulators were placed m senes with a potentio- 
meter, conswtmg of 20 m of 20 s w g eureka wire, from which a voltage 
varying between 3 0 and 4 0V was tapped off The potential difference 
measured across the electrodes is, of course, not the same as that tapped off 
the potentiometer Voltages of 3 0, 3 6, 3 76 and 4 0 V, as tapped off the 
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potentiometer, firom ^ to are equivalent to potential differences of 
approximately 1-6, 1-7, 1-8 and 19V across the electrodes from E to F. 
The currents varied between 0-4 and 0 9 mA. The contact breaker was 
arranged to vibrate at 5-8 c./sec The two resistances and were each 
of 1000 ohms, and the capacity of the condenser was 4 /tF A circuit very 
similar to this and its properties has been fully descnbed by Hess (1932) 
In the prelimmary expenments an mduction coil was used This has 
one grave disaidvantage The autonomic fibres of the hypothalamus, or 
at least those subserving ovulation, appear to have, to undamped currents, 
a very high threshold of stimulation relative to the threshold of the 
somatic fibres in the pyramidal tracts that he in close posteno-lateral 
relationship to the h3q>othalamu8 Thus it follows that to stimulate the 
autonomic fibres comparatively high voltages must be used, which m turn 
stimulate the pyramidal tracts causmg the muscles of the head, neck and 
fore hmb to twitch so that it is impossible to keep the head perfectly still 
This causes the head to move relatively to the inserted electrodes and 
damages the brain When damped currents are used, the threshold for the 
somatic fibres, though still lower than that for the autonomic fibres, is 
relatively much closer Thus strong currents may be used without the 
disadvantageous spread of stimulation to the pyramidal tracts 
Except for the prelimmary expenments, the time penods of stimulation 
were half a mmute “on” and half a mmute “off”, repeated ten times, then 
five minutes “off” This was repeated four times, giving a total penod of 
stimulation of 20 mm spread over 1 hr These time penods were kept the 
same for all the later expenments so that a comparison could be drawn 
between the effects obtained from stimulation of different points 
The only symptoms noted dunng stimulation were a flickenng of the 
eyeUds, nictitating membranes and eyeballs. Sometimes this occurred m 
one eye, sometimes m both, depending on the accuracy with which the 
electrode was inserted m the mid-Ime It is fairly certain that this effect is 
due to direct spread of current to the third nerve, and excitation of the 
somatic fibres therem No changes m the size of the pupils were observed, 
so presumably the autonomic fibres m the third nerve were not stimulated 
These effects were the same, whether the electrode was m the region of the 
tuber cmereum or passed through the hypothalamus mto the pituitary gland. 

At the end of stimulation, the head wound and trachea were sutured In 
no case were any aseptic precautions taken, for the ammals were killed 
before septic comphcations could occur In nearly every case, uneventful 
and quick recoveries occurred 
The animals were killed 30-120 hr following stimulation. 



382 


G. W. Harris 


In the earlier experimente, in the cases of negative results, it was found 
to be difficult to say whether the animals were on heat or not. And as 
ovulation never occurred in an anoestrous or pregnant rabbit, the difficulty 
thus arose as to whether the negative effect was due to the rabbit not being 
on heat, or due to defective stimulation Sections were made through the 
uteri of these rabbits but in several oases these were found to give insufficient 
evidence to decide this point. In the later experiments, the stimulated does 
were put with a buck immediately prior to lulling and the act of copulation 
taken as an mdioation that they were on heat at the time of stimulation. 
The results quoted later mclude only those rabbits which defimtely were 
in oestrous at killing 

The histological work consisted of sectionmg the uten m cases of negative 
results and the ruptured folhcles in cases of positive or questionable results. 
10 % formahn was used as the fixative and haematoxyhn with eosm as the 
stains 

The heads of the amnials were mjected with 10% formahn, and then 
fixed in this solution for 2-3 weeks. Careful dissection of the hardened 
bram then showed the point of stimulation fairly accurately, for the 
electrode usually left a fine trad of blood, whilst in hypothalamic stimula- 
tion around the point of stimulation was either a yeHow discoloration or a 
shght haemorrhage The cause of the latter is unknown. In pituitary 
stimulation, the position of the electrode was gauged by the position of the 
haemorrhage m the gland. The extent of this vaned considerably, but bore 
no relationship to the results of the stimulations 


REstTLTS OF Direct Stimulation of the Pituitary Gland 

The pitmtary gland was reached by inserting the stimulatmg electrode 
at nght angles to the tangent of the skull at bregma and rackmg it down 
2 0-2- 1 cm , acoordmg to the size of the rabbit 
In the first expenmerU — the stimulating electrode was a fine copper wire, 
8 w g 32, lacquered to the tip Only the transverse section at the end was 
bare This was inserted 2-0 cm through bregma The non-stimulating 
electrode was a lead knob inserted through a small incision m the soft 
palate to he under the basisphenoid Stimulation was by means of an 
induction coil, the secondary cod being placed as near to the primary as 
was possibly consistent with low spread of stimulation The symptoms on 
stimulatmg were slight stifienmg of the neck muscles, flickenng of the 
eyehds, eyeballs and mctitatmg membranes and pupil constriction. The 
first of these is due to spread to the pyramidal tracts and the latter to spread 
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to the third nerve. Stimulation lasted for 6 min., distributed at intervals 
over 1 hr. This animal was killed 61 hr following stimulation, and on 
poet mortem 9 ovulated foUioles were discovered m the ovaries 

In the second expenmerd — similar electrodes were used, but the circuit, as 
shown m fig 3, had a maximum potential difference of 3 0 V between A 
and B. No symptoms were observed during stimulation. Thirty hours 
later the ammal was killed and the ovaries found to contain 6 ovulated 
folhcles and 3 haemorrhagic folhcles 

In the third prdiminary experiment — the emode was agam the lead knob 
inserted through the soft palate, but the stimulating cathode was a steel 
wire insulated with glass capiDary tubing (fig 2) The tip was bared for 
only i mm instead of the usual 1 mm Agam the direct, damped form of 
current was used, this time with a potential difference of 4 0 V between A 
and B The ammal recovered qmte normally but was exceptional m that it 
was found dead 44 hr. post-stimulation In the ovanes were 6 ovulated 
folhcles and 6 abnormally large loUicles which it is beheved were becommg 
cystic 

After these three experiments it was decided to use the same electrode 
types and stimulating currents as were being used m the concurrent expen- 
ments on hypothalamic stimulation, thus making it possible to compare the 
current strengths necessary to give positive results from pitmtary and 
hj^thalamic stimulation As descnbed previously, these electrodes con- 
sisted of a stimulatmg cathode of fine steel wire, msulated to withm 1 mm 
of the tip by glass capillary tubmg, with a large diffuse anode placed m the 
rectum The current was of the direct, damped, pulsating type (fig 3) 
For the results of these expenments see Table II It will be seen that 
stimulation with a potential difference of 3 6 V between A and B was 
apphed to eight rabbits Of these, seven were stimulated for the usual time 
of 1 hr. and showed no ovarian effects The eighth rabbit was stimulated m 
exactly the same manner, but the stimulation lasted half an hour longer. 
Although no ovulation occurred, some secretion of pituitary hormones 
presumably must have taken place, for one cystic folhcle and two large 
haemorrhagic folhcles were found 76 hr after stimulation For the seven 
rabbits stimulated at 3 6 V, with the “standard” time intervals and by the 
“standard” method, 100% negative results were obtained 
Three rabbits stimulated with 3 76-3 8 V across A-B gave two positive 
results In one case ovulation and in the other case haemorrhagic and 
cystic follicles were obtained 

Stimulation with 4 0 V across A-B was applied to eleven rabbits giving 
six positive and five negative results That is a response of 64 6 % 
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Table II 


No, of 


Strength 
of stimu- 
lating 
voltage 
A-B 

Hours 
between 
stimu- 
lation and 


rabbit 

Past history 

V 

killing 

Ovanes on post mortem 

49 

Parturition 12 days 
previously 

36 

73 

8 moderately ripe follicles, 8 very 
ripe follicles 

60 

Parturition 18 days 
previously 

36 

74 

10 moderately ripe follicles; 7 ripe 
follicles 

02* 

Separated 19 days 

36 

Stimulated 
for l|hr 

75 

1 cystic follicle, 2 haemorrhagic 
follicles 

63 

Separated 20 days 

36 

60 

2-3 old corpora lutea m each ovary, 
2-3 follicles m each ovary, slightly 
larger than normal 

71 

Parturition 14 days 
previously 

36 

66 

10 npe follicles 

72 

Separated 16 days 

36 

62 

7 ripe folUoles 

74 

Parturition 8 days 
previously 

36 

Laparo- 
tomy at 61 

Several follicles red and ripe in each 
ovary 

76 

Separated 10 days 

36 

46 

9 npe follicles 

62* 

Separated 21 days 

38 

74 

7 ovulated foUiolee, 10 large follicles 

60* 

S«^arated 32 days 

3 76 

61 

6 foUicles m vanous stages of be- 
coming cystic and haemorrhagic 

61 

Separated 34 days 

3 76 

61 

14 ripe follicles 

63 

Parturition 21 days 
previously 

40 

73 

2-3 npe follicles m each ovary 

66* 

Separated 41 days 

40 

61 

7 ovulated follicles, 1 follicle ovu- 
lated partly haemorrhagic 

68* 

Parturition 23 days 
previously 

40 

76 

4 ovulated follicles, 1 ovulated 
follicle partly haemorrhagic, 4 
cystic follicles, 1 haemorrhagic fol- 
hcle 

69* 

Separated 30 days 

40 

61 

10 ovulated foUicles 

64* 

Separated 30 days 

40 

62 

8 ovulated foUicles, 2 large haemor- 
rhagic foUicles , 7 small haemorrhagic 
folhclea 

66* 

Separated 26 days 

40 

61 

2 ovulated follicles, 4 large haemor- 
rhagic foUicles, 1 very swollen 
foUicle, partly haemorrhagic 

68 

Parturition 1 1 days 
previously 

40 

63 

8 npe follicles 

69 

Parturition 14 days 
previously 

40 

60 

9 ripe foUicles 

76 

Separated 22 days 

40 

42 

9 npe foUicles 

77 

Separated 40 days 

40 

80 

1 1 ripe follicles 

78* 

Separated 66 days 4 0 

* Indicates a positive result 

78 

6 ovulated follicles, 3 haemorrhagic 
foUicles 


In the three preliminary experiments the results were also positive. 
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In all, e£FeotB on the ovanes of eleven rabbits have been shown after 
passage of electric currents of various forms through the pituitary glands 
It IS felt, from scanty evidence, that the most uniform effects would be 
obtamed with an anode m the form used m the preliminary experiments 
inserted through the soft palate so as to he beneath the basisphenoid bone 
This condenses the current flow through the pituitary gland In the present 
experiments it wew necessary to have electrodes similar to those used for 
stimulating the hypothalamus so that the comparison could be made 
between the relative strengths of current needed to elicit responses m the 
two regions 

It might be suggested that the presence of the needle electrode m the 
gland and the damage performed were sufficient to liberate enough 
hormone mto the blood stream to cause ovulation That this is not so is 
shown by the fact that stimulation with the voltage of 3 5 V gave 100% 
negative responses, the damage caused to the gland bemg as extensive in 
some of these experiments as in those in which positive responses were 
obtained by stimulation with 4 0 V 

Agam, it might be suggested that the reason for negative responses is 
that during stimulation the insertion of the electrode through the floor 
of the third ventncle damaged some structure essential to the mechanism 
of ovulation To settle this point, a rabbit was stimulated m the usual 
manner with a voltage of 3 6 V Fifty hours after stimulation this doe 
rabbit was allowed to copulate with a buck Immediately after copulation, 
a laparotomy was performed and both ovanes carefully exammed There 
was no sign of ovulation or haemorrhagic folhcles The animal was killed 
70 hr post stimulation, when five ovulated folhcles were found m the 
ovanes This demonstrates the fact that even after completion of the 
expenment, when the hypothalamus has been pierced and when the 
pituitary gland has been damaged, the animal can still ovulate in a per 
fectly normal manner following copulation 

The time of ovulation m these pituitary stimulations w&s plaoed 
roughly between 16 and 40 hr after stimulation This was estimated from 
a study of senal sections through the ovulated folhcles 


Results of Stimulation of the Hypothalamus 

In the earher expenments, stimulation of the hypothalamus was 
attempted by use of the mduotion coil The electrodes used were of the 
concentnc type The results obtamed were uniformly negative for the 
reason given above, that is, owing to the spread of the fareidic current to 
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the Bomatio nerve fibres it was impossible to apply a strong enough current 
They show, however, that the mere presence of the electrodes in the 
hypothalamus, though thicker than those eventually used, is insufificient to 
cause ovulation 

Later, direct pulsating damped currents were used for stimulating, 
obtamed from the circuit already described, or similar circuits 

In the following account results obtamed from the latter circuits have 
been classed together, and are alone considered 

1 — Stimulation of the Region of the Tuber Cinereum 
I'ho region of the tuber cmereum was first stimulated on the supposition 
that if nerve fibres which influence the anterior lobe passed via the stalk, 
they would converge at the tuber The region of the tuber is taken to 
mean that part of the hypothalamus lying inferior to a Ime joming the 
optic chiasma to the mammillary body This region can be reached by 
racking the electrode down I 06 cm below bregma at an angle of 90® to 
the tangent to the skull at this point 
In the first five experiments the concentno needle electrodes were used, 
the central electrode being ma<le the cathode The potential difference 
from A to B was 3 5V Four out of these five rabbits ovulated , in three 
cases haemorrhagic follicles were also formed 
In the other fifteen cases, unipolar stimulation was used The electrodes 
were here similar in every detail to those used in the later experiments 
upon the stimulation of the pitmtary, that is, the stimulatmg cathode was 
as shown in fig 2, with a large anode in the rectum 
Two rabbits were stimulated with a potential difference of 3 0 V from 
^ to J5. One of these killed 100 hr later showed many large cystic and 
haemorrhagic follicles m the ovanes (see fig 13, Plate 17) The other gave 
a negative result 

Two rabbits were stimulated with a potential difference of 3- 6 V from 
A to B One of these killed 50 hr later showed mne ovulated folhcles and 
one cystic folhcle turmng haemorrhagic in the ovanes The other gave a 
negative result 

Eleven rabbits were stimulated with a potential difference of 4 0 V from 
A to B On killing, six of these rabbits showed ovulated follicles together 
with vanous forms of cystic and haemorrhagic folhcles The other five 
gave negative results 

In all, twenty rabbits were stimulated around the region of the tuber 
cmereum, twelve givmg positive results 
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2 — Stimulalion of the Tuber Cinereum after Cervical Sympathectomy 
In three rabbits the superior cervical gangha and upper half of the 
cervical sympathetic cham were removed on both sides. Six weeks later, 
the tuber cmereum was stimulated, with a potential difference of 4 0 V 
from A to B One of these three rabbits gave a positive response, for, 
on kilhng 72 hr. later, nme ovulated folhcles and one haemorrhagic 
folhcle were discovered m the ovanes The other two rabbits gave 
negative results 

3 — StimvJatwn of the Poatenor Hypothalamus 
The exact position of the region stimulated is shown in fig 15, Plate 17, 
a region not very far removed from the red nucleus and its connexions 
This proximity led to compboations 

Out of four rabbits stimulated in this region, three on recovery exhibited 
signs that the mechanism of head posture had been disturbed In the 
normal standing position, the heads were rotated with the left eyes up- 
wards On holdmg the rabbits in mid-air, the left fore-hmbs and hmd-hmbs 
extended, whilst the Umbs of the right side flexed It is mteresting to note 
that the damage was mainly to the left of the mid-lme in all tliree cases, so 
that the rigidity was ipselateral The reason for this is not clear 
These three animals showed no ovarian effects following stimulation 
The fourth animal made a very good recovery with none of the above 
effects On killing 100 hr after stimulation the ovaries were found to 
contam ten ovulated folhcles and nine small haemorrhagic folhcles 
Dissection of this ammal’s head is shown in fig 16, Plate 17 

Thus, out of the four ammals stimulated in this region, the one 
which recovered to normahty was the one which ovulated It is quite 
possible that the damage prevented the other three showing the 
ovarian reaction 

4 — Stimulation of the Hypothalamus in a Ferret 
Dr F H A Marshall fpnvate communication) stimulated ferrets 
through the heads with the large electncal shocks that were successful in 
inducing ovulation m rabbits and pseudo-pregnancy in rats With ferrets, 
no reaction on the ovanes could be obtamed by this method This may be 
due to one of two reasons First, that ferrets normally take a very long 
time to copulate, any ponod up to 1 hr or over It the male is taken from 
the female after a quarter of an hour, ovulation rpay not follow. Thus to 
reproduce the natural conditions, it is possible that stimulation would have 
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to be appUed for an equal time. Secondly, the electrical resistance of the 
bones of a ferret’s skull may be greater than that of rabbits and rats, in 
which case, not so much current would pass through the hypothalamus 
and pitujfcaiy gland, for, m this method of stimulation, the electrodes 
were external to the oramum With these two points m mmd, it was 
thought to be of interest to see whether direct stimulation of the hypo- 
thalamus by the present technique would affect the ovanes, for the 
stimulation point would be inside the skull and the mtermittent stimula- 
tion would last for 1 hr 

The electrode was mserted into the posterior region of the hypothalamus, 

2 mm above the supenor surface of the pituitary gland The potential 
difference between A and ^ was 4 0V and stmiulation was apphed for the 
usual time mtervals over 1 hr 

On recovery, this animal was discovered to have disturbed head posture 
similar to some of the rabbits stimulated in this region Unlike rabbits, 
however, at post mortem, 102 hr after stimulation, three cystic folhcles 
which had undergone quite extensive lutealization were discovered in the 
ovanes 

Owing to the fact that the animals were not killed until 2-3 days after 
stimulation, it was found difficult to place accurately the time of ovulation 
From a study of sections, it appears that ovulation may occur at any tune 
between 10 and 60 hr following stimulation 


Discussion 

Previous workers have noted vanous effects on stimulation of the 
pitmtary gland Cyon (1898, 1899, 1900) obtamed slowmg of the heart 
with increased amplitude of the beat on stimulation by pressure or 
electncal excitation Weed, Chishing and Jacobson (1913) showed stimula- 
tion of the exposed pituitary m dogs gave vanation in the blood sugar 
This they put down to stimulation of the postenor lobe Keeton and 
Becht (1915) also found that stimulation m dogs produced glycosuria, but 
not if the splanchmc nerves had been previously cut It is possible, there- 
fore, that this effect is not due to action of the pituitary gland 
The expenments described above have shown that ovulation m the rabbit 
can be obtamed by electncal stimulation of the pitmtary and the hypo- 
thalamus There is evidence that the effects ongmate definitely m the 
gland, or through the intermediation of the gland, for the effects upon the 
ovary are very similar to those obtamed by the injection of extracts, 
either of the pitmtary or of pregnancy urine. These effects, besides those 
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of normal ovulation, include the production of cystic folbcles,* of cystic 
follicles becoming haemorrhagic emd of large haemorrhagic follicles (figs 1 2 , 
13, 14, Plate 17) 

One difference between stimulation and mjection of extracts is that the 
mjection of extracts will produce ovulation, formation of luteal tissue, and 
haemorrhagic folhcles m the immature and anoestrous rabbit , but so far 
as has been observed, to obtam any result by electrical excitation the 
rabbit must be well on heat It is possible that after a more delicate tech- 
mque for stimulating this gland has been obtained, prolonged stimulation 
over many days might produce different results 

As regards the conclusions to be drawn from the results of the hypo- 
thalamic stimulation, one difficulty arises It is just possible that the 
positive results obtamed were due to general spread of the stimulating 
current to the pitmtary gland, and not due to stimulation of nerve fibres 
running through the hypothalamus 

At first sight the obvious experiment to perform is stimulation of this 
region after preliminary transection of the stalk This is techmcally 
extremely difficult, for, as shown previously, after section of this structure, 
the animals enter mto a state of anoestrous Therefore, unless the stimula- 
tion was earned out immediately following the prebmmary operation, the 
experiment would be useless If the two operations were performed to- 
gether, the tune of the whole experiment and the damage committed would 
be so great that almost certainly no results of value would be obtamed 
Another possible way of deciding the question would be to try to define 
more accurately the exact regions in the hypothalamus from which the 
reactions could be obtamed and to follow the probable nervous pathway 
through the mid-bram, so mcreasmg the distance between the stimulatmg 
electrode and the pitmtary gland This would require a more delicate 
stereotaxic instrument than was available m the present research, and 
further that rabbits of the same breed and nearly umform m size should be 
used, thus ensurmg more accurate localization when insertmg the electrode 
Concemmg this question, the evidence at present available is 
(1) That durmg hypothalamic stimulation, no changes m pupil size were 
observed, although the eyeballs, eyelids and mctitatmg membrane were 

* One observation may bo of agricultural mtorest In one animal (rabbit 00), cystic 
and haemorrhagic folhcles were obtained following pitmtary stimulation (fig 12, 
Plate 17) Fifty hours after stimulation and just before being killed, this rabbit 
was put with a buck The experimental animal showed intense sexual excitement, 
mandested by contmuous “jumpmg” on to the male rabbit The condition produced 
by this stimulation is thus very suggestive of the pathological condition, nympho- 
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seen to flicker. The conclusion drawn is that the spread of current to the 
oculomotor nerves was sufficient to stimulate the somatic fibres, but in- 
sufficient to stimulate the autonomic fibres which have a higher threshold 
of excitabihty Now m the rabbit oculomotor nerves he m closer anatomical 
relationship to the tuber cmereum than does the pituiteiry gland, so that 
it would be justifiable to assume that if the current spread did not excite 
the autonomic fibres m the third nerve it would not excite fibres of a 
presumably similar nature m the gland 

(2) The results show that the threshold current needed to produce 
ovulation was the same whether the electrode was m the hypothalamus or 
m the pituitary This would mdicate that spread of current durmg hypo- 
thalamic stimulation would be insufficient to account for the results 
obtamed 

(3) In rabbit 17, stimulated m the posterior hypothalamus (see fig 16, 
Plate 17), the tip of the electrode was 4-6 mm distant from the nearest 
point of the pituitary gland This ammal ovulated about 36 hr post- 
stimulation After taking into consideration the fact that, m a case of 
intended pituitary gland stimulation with the same voltage m which the 
electrode was found on post-mortem to be lymg outside the gland but 
directly adjacent to it, no ovulation W6ts obtained, it seems safe to conclude 
agam that the results were not due to spread of current 

Therefore, the evidence at present mdicates strongly, though not 
certainly, that ovulation m the rabbit may be mduced by stimulation of 
nerve fibres in the hypothalamus as well as by pituitary stimulation. 

If this view be accepted, it would follow that the hypothalamus forms 
part of a refiex path used in stimulatmg the pitmtary gland after sexual 
excitement It therefore becomes of considerable mterest to discuss the 
pathway m detail 

It seems highly probable that the stimulation of the pitmtary directly is 
acting on non-medullated nerve fibres in the antenor lobe and that these 
fibres have a very high threshold of excitabihty The functional hnks 
between the hypothalamus and the antenor lobe of the pitmtary that have 
been suggested are, the cervical sympathetic nerves, the greater superficial 
petrosal nerves and the pitmtary stalk Of these, it cannot be the cervical 
sympathetic nerves alone, for, as previously stated, ovulation can be 
obtamed in a normal fiishion after extirpation of these nerves. It may be 
the greater superficial petrosal nerves, but on this pomt there is little 
evidence. It appears more probable that the functional link is the 
pituitary stalk The main evidence for this is that gemtal atrophy follows 
lesions of the tuber cmereum and pitmtary stalk which has been noted 
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by several previous workers and confirmed in the rabbit m this present 
account. 

The hypothesis that the hypothalamus influences the anterior lobe via 
nervous impulses passmg down the stalk is open to one obvious objection 
that 18, the fact that nerve fibres have never been seen passmg from the 
posterior to the anterior lobe By the use of the de Castro techmque of 
staining, nerve fibres may be seen passing from the pars nervosa to the 
pars intermedia (Cushing 19326) Serial sections through several rabbit 
pitmtaries have been obtamed, demonstrating this fact It is difficult to 
trace these fibres to their termmation owmg to their extremely fine 
character It may be mentioned m passmg that although the pars nervosa 
and mtermedia may take the stain perfectly, the pars antenor takes it 
poorly In order to surmount the above objection, it is necessary to suppose 
either that the nerve fibres seen to enter the pars mtermedia eventually 
pass round the cleft mto the anterior lobe, or else that the posterior or 
mtermediate lobe can mfluenoe the antenor lobe hormonally The former 
supposition 18 felt to be the more probable of the two 

This suggested pathway (hypothalamus, stalk, posterior lobe, antenor 
lobe) may possibly be active m several phenomena which have previously 
been difficult to explain It is well known that in some birds and in the 
ferret, the sex cycle may be influenced by extra radiation It is probable 
that the radiation, at least in the ferret, acts on the anterior lobe of the 
pituitary through the intermediation of the eyes (Bissonnette 1936) 
Colhn (1935) has brought forward evidence that there is a nervous con 
nexion passmg from the optic tract through the hypothalamus to the stalk 
of the pituitary On correlation, these two facts fit m well with the above 
theory 

Again, it IS highly probable that the uterus may affect the anterior lobe 
of the pitmtary gland by nervous reflex paths, for it has been shown that 
hysterectomy m the pseudo-pregnant rabbit, or gumea-pig, will prolong 
the bfe of corpora lutea m the ovaries (Loeb 1923, 1927, Loeb and Smith 
1936, AsdeU and Hammond 1933) Selye (1934) showed in rats that 
Caesarian section imtiates lactation and the recurrence of oestrous cycles, 
though this does not occur if the uterus is distended with wax after removal 
of the foeti 

From the work of Selye and McKeown (1934), it appears that mechanical 
stimulation of the mpples is the cause of lactation dioestrus m rats and mice 

Thus there is evidence that the antenor lobe may be influenced by nervous 
effects from the eyes, uterus and mammary glands, as well as from the 
vagmal region Also, Hatenus (1933) produced evidence that a psychic 
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factor normally plays a part in the induction of pseudorpregntuioy in rats, 
whilst Theobald (1936), who has collected clmical evidence for a dience- 
phalic centre governing the menstrual cycle m women, states that psychic 
tactors such as fear of pregnancy and hypnosis may affect this cycle through 
the supposed centre 

It might be theorized that the hypothalamus controls the secretion of 
hormones, other than the gonadrotropic hormone, from the antenor lobe 
In a recent review on the relationship between the hypothalamus and the 
pituitary, Dodds and Noble (1936) draw attention to the well-known facts 
that h3^thalamic damage may cause glycosuria, adiposity, and gemtal 
atrophy, which are possibly all antenor lobe effects Here then is evidence 
that the hypothalamus controls the secretion of the hormones mfluencmg 
sugar and fat metabolism There is no reason to doubt that the thyrotropic, 
adrenotropiG, lactogemc, parathyrotropic and growth hormones are not 
similarly controlled 

Finally, much evidence has accumulated in the past few years indicating 
that the hypothalamus contains centres controlhng the autonomic nervous 
system If it is further shown that the pituitary gland and, through the 
intermediation of the structure, the thyroid, parathyroids, adrenals and 
gonads are likewise mfluenced by this important region of the brain, then it 
would be possible to say that a very lai^e part of both the nervous and 
chemical hnks which umte one part of the body functionally with another 
part are controlled by this region of the diencephalon 

I wish to express my smcerest thanks to Professor H A Hams and Pro- 
fessor E D Adrian for their ever wilhng advice. In particular, my deepest 
gratitude is due to Dr P H A Marshall, first, for suggestmg this work to 
me, and secondly for his constant aid and encouragement Also I should 
hke to thank Mr E Powell for the care he bestowed on the ammals 

The expenses of this research were in part defrayed by a grant from the 
Medical Research (^ouncil 


Summary 

Lesions m the stalk of the pituitary gland have been shown to cause 
gemtal atrophy in male and female rabbits 

Direct stimulation of the pitmtary gland m female rabbits mduced 
ovulation 16-40 hr later and sometimes the formation of cystic and 
haemorrhagic folhcles 

Stimulation of the hypothalamus gave results similar to the above. 
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Elvidenoe is adduced that this is an effect on nerve fibres in the hypothalamus 
rather than due to spread to the pituitary gland 

The control of the anterior lobe of the pitmtary by the hypothalamus is 
discussed, with particular reference to the nervous pathway involved 
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Description of Plates 
Plate 16 

Fig 4 — Sagittal section through pituitary gland, stalk and hypothalamuil Note 
atrophic appearance of pituitary gland , line of lesion (indict^ by two arrows), 
vacuoles in posterior lobe and stalk (previously filled with colloid) p, posterior 
lobe, t, intermediate lobe, a, anterior lobe ( x 26 ) 

Fig 6 — Line of lesion (m fig 4) under higher power Note fibrous tissue “healing”, 
and sbght accumulation of basophilic cells B ( x 72 ) 

Fio 6 — Normal posterior lobe of pituitary gland ( x 360 ) 

Fig 7 — Posterior lobe of experimental animal, after stalk lesion Note the great 
increase in basophilic cells and the cavities previously filled with colloid { x 360 ) 

Fio 8 — Normal anterior lobe of pituitary gland ( x 360 ) 

Fig 9 — Anterior lobe of experimental animal after stalk lesion Note reduction of 
the cell cytoplasm, and the apparent mcrease in the number of the cells 
( X 360 ) 

Plate 16 

Fio 10 — Side view of stimulating apparatus Note that the apparatus consists of 
two parts — one for clamping and lotating the head, and the other for inserting 
the electrode ( x i ) 

Fio 1 1— Front view of same apparatus (x\) 

Plato 17 

Fig 1 2 — Ovary from rabbit 60, killed 60 hr after stimulation of pituitary gland Two 
of the follicles became very protuberant and showed some internal haemorrhage, 
though unruptured externally A third follicle became haemorrhagic ( x | ) 

Fig is — O vary from rabbit 24, killed 100 hr after stimulation of the tuber This 
ovary showed one large, clear cystic follicle, c, two cystic follicles becommg hae- 
morrhagic, ch , and two large haemorrhagic folhcles, H ( x J ) 

Fig 14 — Ovary from rabbit 38, killed 60 hr after stimulation of the tuber This 
ovary showed one large, clear cystic follicle, c, four cystic follicles becommg hae- 
morrhagic, ch, and one young corpus luteum ( x J.) 

Fig 15 — Head of rabbit 17, sagittal section This rabbit was stimulated in the 
posterior hypothalamus, and killed 100 hr later (The ovaries showed ten 
young corpora lutoa and nine small himmorrhagic follicles ) The disstsition 
shows the point of stimulation quite clearly The area surrounding the electrode 
showed necrosis with a pale pink blood clot (Tho pmk colour of the clot is 
greatly mtensifled m the photograph, appearing black m reproduction ) ( x 2 ) 
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V — The Distribution and Nature of Glycogen in 
the Amphibian Embryo 
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1— Introduction 

In an earlier paper (Heatley 1935) an account wae given of a method of 
eetunating glycogen m amounts of tissue of the order of 1 mg , and some 
prehmmary results were desenbed of an investigation into the distri- 
bution of glycogen in the different regions of the amphibian gastrula 
This work has been extended during the last winter, with more rigid 
expenraental conditions The blastula as well as the gastrula has been 
studied, and the regions selected for analysis have been more clearly 
defined An attempt has also been made to estimate the relative amounts 
of lyo- and desmo-glycogen in each region The dissections were done bv 
both collaborators, and all the i-hemical work by one of us (N G H ) 


2 — Mkthods 

a — Material — Axolotl eggs which had been laid spontaneously were 
removed from the tanks and allowed to develop at room temperature, but 
on many occasions they were placed temporarily in the ice-ohest to delay 
development Embryos desenbed m the following as being m the “blas- 
tula” stage had just perceptible blastopores, whilst those in the “gastrula ” 
stage ranged from those with a not quite sphencal blastopore to those 
with a medium-sized yolk plug In terms of the standard tables prepared 
by Glaesner (1925), the blastula would include stages S and 9, and the 
gastrula stages 10 and 11 

r 396 ] ° * 
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6 — Selectton of Regtona — In the previous paper (Heatley 1935) the regions 
analysed were merely ‘ dorsal ectoderm “ventral ectoderm”, ‘ meso 
derm ” and ‘ endoderm In the work descnbed in this paper a new method 
has been adopted in both stages two lateral segments were cut from the 
embryo and discarded, leaving a disk about equal in thickness to the 
radius of the original embryo In the blastula this disk was divided by 
SIX radial cuts, each portion being named as shown m flg 1 In the geistrula 
stage the tissue was taken from the position to which, according to 
Vogt (1929), it will have migrated during the invagination, thus it has 
been assumed that the whole of the mesoderm and all the dorsal ectoderm 
of the gastnila were ongmally D 1 and D 2 in the blastula D 1 will in 
time become neural tube D2 the mvagmated loof of the anhenteron 

' 

B C 

Fio 1 — So© text b = {WHitton of blastopore 

and subsequently all the mesoderm, V 1 and V 2 all skin, and V 3 and 
D 3 all endoderm, hence viscera No attempt was made to divide D 3 and 
V 3 m the gastrula , they were estimated together 

All dissection was done by means of finely drawn out glass needles 

c — Collection of Tissue — In the earher work the tissue was plunged into 
absolute alcohol, from which it was subsequently removed, dried, and 
weighed it was pomted out that different amounts of alcohol soluble 
material might thus be lost from the different regions, giving a false com 
panson of their glycogen content In the present work the tissue has 
been collected m the following, different, way A senes of clean tubes 
(260 X 6 mm ) were accurately weighed on the micro balance, and 0 2 ml 
of absolute alcohol was measured out mto each As the tissue was dissected 
from each embryo it was transferred by means of a teat pipette to a very 
small spatula with a cup shaped depression Excess moisture was removed, 
and the spatula was plunged mto the appropnate tube and agitated until 
the tissue became detached When sufficient matenal had been collected, 
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the tube was dned m a stream of dry air at 100° C for 2 hr It was shown 
that with the largest amount of tissue ever taken constant weight was 
attained in less than hr and also that alcohol alone left no detectable 
residue The tube was carefully wiped while still hot first with a damp 
and then with a dry chamois leather and finally reweighed 

d — Chemical Lstimation—The chemical estimation was jjerformed m 
exactly the same way as described m the original pajier except that the 
30 % potash m which the tissue had been dissi Ivod was diluted with an equal 
volume of 0 5 % sodium sulphate solution instead of u itli distilled water 

Trouble was experienced with the actual sugai estimation until it was 
reahzed that a considerable excess of iodine is essential In some of the 
estimations where there was expected to be moie glj cogen than usual two 
volumes of lodmo were taken instead of one I nder these conditions 
however the relation of lodme absorbed to re<lucing sugar present was not 
linear but all those values given below for which two volumes of iodine 
have been taken have been corrected from appropnate curves The large 
scatter in the figures for lyo glycogen is probably due to this cause since 
greater amounts of tissue were used m these experiments 

e — Separation of Deimo and Lyo glycogen — he estimation of the desmo 
and lyo fractions of glycogen separately in this tissue presented con 
siderable experimental difficulty It was no longer permissible to fix the 
matenal in alcohol as soon as it had been dissected and as the dissection 
of sufficient material for one expenment took a considerable time there 
was grave risk of glycolysis this was reduced as much as possible by 
keeping the dissected tissue in ice WUlstatter and Rohdewald (1934) have 
described two ways of isolating lyo glycogen one consists of extracting 
the tissue with ice cold trichloracetic acid and the other of extracting it 
with boibng water The latter procedure was chosen in this case smee the 
use of trichloracetic acid would have introduced serious complications in 
the determination of the amount of tissue present I he procedure finally 
adopted for the separation of these two fractions was as follows 

(1) The tissue was collected in tared titrating tubes measunng 260 x 6 ram 
each containing 0 2 ml of distilled water and cooled in ice 

(2) When sufficient material had been collected the tubes were susjiended 
in a cage which was plunged into a current of steam (The heating must 
have been rapid enough to prevent any appreciable glycolysis since 0 2 ml 
of alcohol under similar conditions boiled in less than 2 sec ) 

(3) The tubes were completely surrounded by steam (to prevent 
evaporation) for 10-16 min dunng which time they were shaken at 
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intervals (A meohaiucal shaker was made for this purpose from a loud 
speaker unit connected through smtable resistances to the A L lighting 
supply During the shaking the tubes were still surrounded by steam ) 

(4) The tubes were centrifuged 

(6) The clear centrifugate was quantitatively transferred to a second 
senes of tared tubes by means of a special capillary syphon 

(6) The tubes contaimng the residue were heated and shaken with a 
further 0 2 ml of distilled water whilst those containing the centrifugate 
had the volume of their contents reduced by evaporation 

(7) The tubes con taming the tissue in suspension were centrifuged again 
and the centnfugate m each case was transferred to the same tube which 
had received the first centrifugate from that particular sample 

One or sometimes two more extractions were made m exactly the same 
way then both sets of tubes were dned m a current of dry air at 100° C 
for 2 hr and after wipmg were reweighed The sum of the increase m 
weight of the two tubes of each pair represents the dry weight of the tissue 
taken 30 % potash was added to each tube and the glycogen was estimated 
m the usual way 

Prebmmary expenments had shown that under these conditions most 
of the lyo glycogen is removed by two extractions a third extraction 
reraovmg an insignificant further amount In all the expenments quoted 
three extractic ns were made except m the case of the regions D 1 plus V 3 
where four were performed since the combmed bulk of these two samples 
18 considerably greater than that of the others 


3 — Results 

These have been summanzed in Tables I and II in which glycogen has 
been expressed as i>ercentage of the dry weight of the tissue 

Table I gives the percentage of total glycogen m the different regions of 
the blastula and the gastrula The second class results (m italics) were 
obtamed m expenments where the weight of the tissue could not be 
determined with the usual accuracy they have not been included in the 
calculation ol the means or in the statistical treatment The latter con 
sisted of the apphcation of the t test of Fisher ( 1935 ) and the values of P 
which were obtamed show that only in the region D 2 can the decrease m 
glycogen content be considered as significant The values for D 3 and V 3 
though determmed separately m the blastula stage have been pooled for 
the statistical analysis In the case of these regions the value of P may 
be considered to be on the borderlme of sigmficance 
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Table II summanzes the results of four expenments where desmo and 
lyo glycogen were estimated separately The t test has been apphed here 
to the sum of these two fractions in the same way that it was applied lu 
Table I but the scatter is so large that the decrease of total glycogen in 
D 2, although considerable is no longer statistically significant (Ihere is 
reason to beheve that the scatter is mamly confined to the lyo glycogen 
figures, since as mentioned above special errors may arise in the estimation 
of the large amounts of reducmg sugar in these fractions ) 


t xp 
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3a 
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3c 
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Table I — Total Glycogen in Axoiotl Embryo Second Class 
Results (in italics) have not been included in thf 
Calculation oi- the Mean or ok P 
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4 1 — 


30 — 


4 47 
<001 


03 04 
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In the desmo glycogen figures there is also a wide variation between 
different experiments but in any one exjienment theie is considerably 
less glycogen m the gastriila than in the blastula stage The t test apphed 
to the percentage difference shows that this would appear to be significant 
except m the region V 2 but more data would have to be collected and 
the shape of the frequency distribution curve investigated before the 
validity could be assured of applying the t test to the percentage decrease 
mstead of to the absolute decrease 



Table II — Distribution of Desmo and Lyo Glycogen in the Axolotl Embryo 
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4 — Discussion 

We shall not present here the reasoning which led to the undertaking of 
this work A full review of the arguments leading up to it will be found 
in the preceding paper by Waddington, Needham and Brachet (1936) "■ 
The determination of total glycogen in the different regions has shown 
that there is a definite gradient in its distribution, the concentration being 
highest at the animal, and lowest at the vegetal pole 'It has also been 
shown that during the transition from the blastula to the gastrula stage 
there is a sigmficant decrease in the glycogen concentration in D 2 (the 
organizer region), amounting to 30 %, and a possibly significant decrease 
m D 3 + V 3 , of 12 % 

The desmo- and lyo-glycogen figures show that there is a considerable 
vanation in the amount of desmo-glycogen which is onginally present, but 
that during development there is a definite decrease of this component m 
all regions (In V 2 this decrease is not statistically significant, but it is 
yxissible that a gross experimental error may have occurred m one of the 
three expenments from which P was evaluated ) This result agrees with 
that of Brachet and Needham (1935), who estimated the total and lyo- 
glycogen of the whole embryo of Rarui fusra at different stages of develop- 
ment, using the trichloracetic acid method, and indirectly found a decrease 
in the amount of desmo-glycogen with age 

From the figures given in Table II there would not appeal to be a sfiecially 
marked decrease in desmo-glycogen in any given region 

Table III 



Total glyce 

igon 

Dosmo glycogen 

Region 

Blast 

(lost 

Decrease 

Blast 

Decrease 
Cast % 

D 1 

17 8 

166 

7 

0 90 

0 48 47 

D2, 

12 0 

83 

31 

0 50 

0 32 . 24 

(invagmating 
organizer region ) 
D3-)-V3 

43 

39 

9 

0 32 

0 24 26 

V 1 

10 7 

16 5 

1 

0 76 

0 44 42 

V2 

10 0 

93 

7 

0 57 

0 46 19 


All data are ing dry weight 


* Since then further work on the histochemistry of glycogen in the amphibian 
gastrula has been published by Mijayima (1936). his papit has not been available to 
UB Pasteels (1936), using new histochomioal methods, doubta the disappearance of 
the glycogen from the invaginated material in the amphibian gastrula, but such 
methods cannot, in the nature of the case, bo decisive 
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It la also clear that m that portion of the ectoderm which mvagmates 
the glycogen which disappears is not mamly desmo glycogen for the total 
decrease is nearly 4 mg % whereas the greatest decrease recorded m* 
desmo glycogen for that region is less than 0 5 mg % 

The results may be bnefly summarized m Table III 

Our best thanks are due to Mr Marschak for assistance m the statistical 
treatment of the results We make grateful acknowledgements to the 
Rockefeller Foundation for a grant in aid of the research expenses 


Summary 

1 Total glycogen lyo glycogen and desmo glycogen have been esti 
mated by quantitative micro chemical methods in the amphibian embryo 
around the penod of gastrulation 

2 Before gastrulation the concentration of glycogen is found to be 
highest at the ammal lowest at the vegetal pole 

3 Durmg gastrulatuin the total glycogen decreases in amount all over 
the embryo but especially markedly (30%) in the material mvagmating 
through the dorsal lip of the blastopore Desmo glycogen also decreases 
m all regions but not m one region more than another It is unlikely 
therefore that desmo glycogen is identical with that fraction of glycogen 
to which the evocator is attached in the cells 
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[Plate 18] 

1 — Introduction 

Several authors, including Fischer, Wehmeier and their collaborators 
(1933, 1935) and Waddington, Needham, Nowihski and Lemberg (1935), 
have obtained the induction of neural tissue m amphibian embryos by the 
implantation of crude glycogen or of substances extracted from it Others 
(Holtfreter 1933, 1934, Woerdemann 1933) have employed it unsuccess- 
fully It 18 clear now that the activity is not due to the glycogen itself, but 
to some accompanjong impurity, and it was suggested by Waddington, 
Needham and Brachet (1936) that the active evocator substance is of a 
sterol-like nature and forms a loose complex with glycogen and possibly 
with some protein as Mell It therefore seemed interesting to investigate 
whethei any difference could be detected m the evocating powers of 
glycogen in its two forms — ^the desmo-form m which it is combined with 
protein and the lyo-form in which it is free (WiUstAtter and Rohdewald 
1934) Specimens of lyo- and desmo-glycogen were therefore prepared and 
implanted Both showed themselves capable of evocation, and their 
activity was such that they seemed suited for testing the effect of a 
[ 403 1 
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chemically homogeneous evocatmg mass on ectoderm isolated from the 
host By implanting desmo glycogen into isolated pieces of ectoderm we 
should obtam some idea of what a smgle chemical stimulus is capable of 
evoking does it simply mduce neural tissue or is there any tendency for 
the isolated ectoderm to react by producmg a neural organ * This question 
was raised at the time of the discovery of the activity of the dead organizer 
(Waddmgton 1933) and has often been mentioned subsequently (m 
particular Waddmgton 1934 Needham 19366) The present results seem 
to answer it in favour of the first alternative 

2 MiirnODS 

Preparations t)f desmo and lyo glycogen from rabbit liver weie made as 
follows 

146 g of liver which had been cooled in ice as soon as it had been 
removed from the animal was minced up with scissors and added m 
portions to 160 ml of boiling water When all the tissue had been added 
the flask was wai med for a further 20 min on a boilmg water bath with 
occasional shaking The mixture was then filtered on a Buchner funnel 
(hiltrate I) Ihe residual tissue was ground up without sand in a nioitar 
heated on the water bath foi 20 mm with a further 200 ml of water and 
filtered as before (Filtrate II) It was assumed that most of the lyo 
glycogen would have been extracted m the first two operations and most 
of the lemamder was then removed from the tissue by extiactmg with 
boding water five more times 200 ml of water were used for each of these 
extractions which were allowed to ])roceed on the bodmg watei bath lor 
1-2 hr The extract was removed by centnfugation 

The sobd residue which weighed 105 g was heated on the water bath 
for 46 min with 200 ml of 40 % sodium hydroxide 350 ml of 90 /<, alcohol 
were then added the flask warmed and then allowed to stand overnight 
The precipitated glycogen was washed twice with 70% alcohol but as it 
was stdl dark and gummy it was heated for a further 46 min with 30 % 
potassium hydroxide Ihe glycogen was reprecipitated washed once with 
70 % and then three times with 90 % alcohol and dried m the desiccator 
for 2 days Yield 0 68 g 

Filtrates I and II were massed (vol 260 ml ) and heated on the water 
bath for 15 mm with 100 g of solid potassium hydroxide 325 ml of 09 % 
alcohol were added and the flask was warmed then allowed to stand 
overnight The precipitate was collected by centrifugation washed with 
70% alcohol and then heated for a further 46 mm with 40% sodium 
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hydroxide The glycogen was then reprecipitated washed three times with 
99 % alcohol and dried in the desiccator Yield 2 b g 

When implantation was attempted with these samples they were found 
to have a destructive effect on the embryos which was traced to the 
presence of small amounts of sodium or potassium carbonate Ihis was 
removed by washmg the glycogen with alcohol contaimng a trace of acetic 
acid — sodium acetate is soluble m alcohol — and then with pure alcohol 
The matenal was dried m a desiccator over calcium chloride and sodium 
hydroxide 

Ihe glycogen was implanted into young gastrulae of Triton alpestiis 
through a slit in the blastocoele roof m the usual way For this purpose 
the powder was made into a jelly by mixmg with egg albumen the mixture 
being then coagulated by heat the proportion of glycogen was about 
10 % In the experiments with isolated ectoderm only desmo glycogen was 
used mixed with agar in the same proportions and placed between two 
flaps of ectoderm (presumptive neural plate and epidermis) These explanted 
tissues were cultivated in Holtfreter solution and were hxed 3 5 days after 
operation 


3 Experimbntax, Results 

As can be seen from Table I both desmo and lyo glycogen induce 
neural tissue The proportion of positive cases reckoned on the usual 
scale which has been employed in these papers shows a very slight 
advantage to the desmo fraction and this becomes more significant if one 
pays attention only to the full inductions of neural tubes thus the desmo 
induced five tubes in eighteen experiments the lyo only three in twenty 
four The difference is not large however and is less important than the 
fact that lyo glycogen is active (see figs 1 and 2 Plate 18) 

Table I 

The classification follows tl at of tho earlier | aj ers in this scries 

„ ^ AC B+++ B++ 13 B D I Total 

Exp E 746 

Desmo glycogen 63 0 I 1251 18 

Exp E 766 

Lyo glycogen 31 2 4 7142 24 

42 

The neural tubes induced by the implants have the normal appearance 
of tubes mduced by dead matenal That is to say m the neurula stage the 
tube IS complete in cross section but somewhat untypical in shape often 
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with a oiroular lumen or with a sht like lumen the sides of which are 
unequal in thickness It is impossible to state that the induced tube repre 
sents a definite section of the normal neural axis but we know from the 
work of Holtfreter (1934) and others that such tubes may later develop 
into recognizable if deformed parts of the neural system 

The neural tissue found in the isolated pieces of ectoderm which have been 
cultivated m contact with mducing material presents a totally different ap 
pearanoe (see figs 3 4 6 6 PlatelS) In some cases the agar glycogen evocator 
mass was expelled before the two pieces of ectoderm had healed together but 
in the other specimens an mduction has occurred m nearly every case The 
neural tissue is present in great quantity there is much more than would 
make up a piece of neural tube of normal cross section This tissue shows 
extremely little sign of morphological arrangement The elongated nuclei 
are indeed not disposed entirely at random for there are considerable 
areas in which the nuclei are parallel and the cells are elongated m the 
same direction so that a definite tissue not a mere disorderly mass of 
cells 18 formed The tissues form solid masses, usually with a radial arrange 
ment of cells and nuclei If the masses pass a certam hmit m size there 
becomes ajiparent a tendency for cavities to appear within them and the 
cavities of n hich there may be several m a single mass q{ tissue may be 
joined together to form irregular and branching tubules There is very 
httle sign that the walls of the tubes take up the shapes characteristic of 
any part of the nervous system but in some si>ecimens a cavity may be 
prolonged into a comparatively small extremity of an irregularly shaped 
mass and in this region one can find sections showing an approximately 
circulai piece of neural tissue containing a circular lumen 

The lack of regionahty m the induced neural tissue is further shown 
by the fact that no cases occur of the secondary induction of structures 
characteristic of particular parts of the body As is well known an mduced 
neural tube which has a regional structure for instance one m a normal 
host embryo is usually accompanied by structures such as lenses eara 
nasal pits etc which it has itself induced No such structures are found 
in these specimens although they were certainly old enough to show them 
The only kinds of secondary inductions which have occurred are two in 
number and both of a general nature unrestricted to particular parts of 
the body One is the formation of a neat two layered ectodermal epithe 
hum in place of the compact masses of cells which are found in isolates 
which do not contam neural tissue This layer is pushed away from over 
the neural masses so as to form quite large cavities a repulsion which 
recalls the sharp separation of normal neural tube from normal overlving 
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ectoderm The second is the formation of melanophores above the neural 
tissue in some specimens Both these reactions of the ectoderm are found 
throughout the whole length of the neural tube in normal embryos and 
they are probably reactions to the presence of neural tissue as such 
without any reference to a particulai part of the axis 

4 — ^Disocssion 

Inductions by Lyo and Desmo glycogen 
As the precedmg paper in this senes has shown (Heatley and Lmdahl) 
there is a quite general decrease of glycogen all over the embryo dunng 
gastrulation most severe however in the invagmating material where 
the pnmary evocator is being liberated The desmo glycogen of which 
there is much less decreases to about the same extent m all parts of the 
gastrula Now although desmo glycogen provided an analogy foi the 
loose complex between glycogen the evocator and some protein envisaged 
by Waddmgton Needham and Brachet (1936) there was some difhculty in 
supposmg that the desmo glycogen could itself be the fraction of glycogen in 
question On the one hand desmo glycogen is just that portion of the total 
glycogen not extractable by boiling water and on the other hand we know 
that boding frees the active evocator The present results demonstrate that 
the evocator is associated both with the lyo and desmo fractions and sug 
gest that if its connexion is with glycogen bound to protein the glycogen is 
not so strongly bound as the desmo fraction Ihis is of course assummg 
that the assoc lation between evocator and glycogen is not purely fortmtous 
or an artifact if it were we should perhaps not expect to hnd the evocator 
attached to glycogen prepared in two quite different ways 

The importance of loose complexes between protems polysaccharides 
and lipins has in recent times been further appreciated Thus Posternak 
(1935) finds that 80% of the phosphorus of starch can be extracted with 
orgamc solvents suggestmg that its presence is due to lipoidal admixture 
The long senes of papers by Przyl^cki and his collaborators have shown that 
polysacchando proteins are readdy formed and difficult to decompose 
considenng the nature of the bonds involved (Przylycki and Majmin 1931 
Przyl^cki and Dobrowolska 1932 Przyl9cki and Grynberg 1932 Bartuszek 
1932 Przyl^cki and Bialek 1932 Przylycki and largonska 1932 Przjf^cki 
Mystkowski and Niklewski 1933) By adding a mixture of globulin and 
lecithm to a glycogen solution 80% of the glycogen present can be 
adsorbed to form a complex precipitate (Przyl^cki and Majmm 1934) and 
complexes of protems with cholesterol are described (Przyl^cki Hofer and 
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Frajberger Grynberg 1936) Such complexes as these latter are pre- 
sumably responsible for the immunological phenomena following the use 
of sterols as antigens described, with the hterature, in the book of Marrack 
( 1934, pp 74 ff ) Of special interest is the recurring observation by 
Przyl^cki’s school that, of all the proteins, the globulins have much the 
most affinity for polysacchandes Here there may be a clue to the mode of 
action of the evocatoi complex for it has been suggested (Needham 1936a 
p 149) that the globulins of eggs not the phosphoprotems, are the earners 
of morphogenetic iiolanty, symmetry, etc , if judging from what is known 
of myosm, we may expect that they will, when exammed, turn out to have 
highly anisometric molecules Thus the ovoglobuhn of the hen’s egg has 
been found by Bohm and Signer (1931) to show double refraction of flow 
and recently Wohlisch and Bolonoschkm (1936), using the test of depolan 
zation of the Tyndall beam, find for it the highest 6^ value yet recorded for 
any protem We have, of course, as yet no proof of the morjihogenetic 
significance of thiead like or rod like molecules 

Inductions by Glycogen evocator in Explanted Ectoderm 
Even before the activity of the dead organizer had been demonstrated, 
it had become clear that at least two aspects can be distinguished in the 
complex process of induction Mangold and Hpemann (1927) and Spemann 
(1931) for amphibians and Waddington and Schmidt (1933) for the chick 
had drawn particular attention to the fact that a hvmg organizer mduces 
not merely a tissue but an organ belongmg to a definite region of the body, 
and the latter authors had produced evidence that the region determination 
was a process to some extent separable from the mere guidmg of the ecto- 
derm into a path of neural differentiation The two names of “mdividua 
tion” and “evocation ’ were suggested for these two processes (see 
Waddmgton and Needham 1936), but there has always been some doubt 
as to exactly where evocation stops and individuation begins The question 
18, If a single chemical stimulus, which must be quite without mdividuatmg 
action, acts on isolated competent ectoderm, just what will the ectoderm 
produce* It might produce either (1) a definite part of the neural tube, 
with “regional character ’ or (2) somethmg which had a certam morpho 
logical unity and could be called a piece of neural tube belonging to no 
definite region or ( 3 ) masses of neural tissue, or finally ( 4 ) masses of neural 
cells of random onentation morphologically completely unorganized 
Until now, no way of decidmg between these alternatives has been 
available Clearlj , no experiments m which evocators have been used on 
whole embryos can be relied ujion in this connexion, since the host can 
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certainly exert an individuating effect on the induced neural tissue Of 
expenments with explanted and isolated fragments of ectoderm Holt 
freter s cultivations of fragments m contact with dead organizmg tissues 
showed a certam rather undecided morphological organization which was 
certainly not characteristic of any particular part of the body and which 
he related to tissue movements accompanying the induction In some of 
his expenments in which the ectoderm lay on the surface of dned chick 
embryo extract complex inductions containing notochord wore obtained 
and although again there seems to be no evidence that the induced 
materials represent any definite level on the axis they certainly do not 
consist meiely of unorganized neural tissue and seem to favour the second 
possibility mentioned above However their cogency is reduced by the 
consideration that there is no reason to suppose that the stimulus exerted 
by embryo extract or dead embryonic tissue is a simple one There is 
always the possibility that notochord and neural tissue represent the 
reaction of the ectoderm to two different stimuli and that both these 
stimuli are provided by the heterogeneous material to which the ectoderm 
was exposed 

The glycogen which was used in these experiments can probably be taken 
to exert a simple homogeneous stimulus Tlie stimulating evocator is 
indeed an impurity in the glycogen It could perhaps be argued that 
if one impurity is present there may be more but against this there is 
the evidence that the reaction of the explanted ectoderm gives no hint of 
any heterogeneity in the stimulus which could lead to individuation There 
IS no trace either of the formation of a definite region of the body or even 
of a tendency to form a generalized embryomc axis No tissue other 
than nervous tissue is formed as a direct result of the evocatmg stimulus 
and this has no further morphological organization than the radial arrange 
ment of the third possibility This radial arrangement is associated with 
the development of small irregular cavities but these do not seem to be 
classifiable as neural tubes m the usual sense They suggest that the forma 
tion of cavities is a property of neural tissue as such mdependently of any 
morphological organization of a higher grade The reaction to the evocator 
which we have employed is therefore clearly of the third type mentioned 
above 

The possibility arises however that such behaviour may not be 
entirely general Lopaschov (1935 1936) has reported that if the eyes are 
removed from several neurulae coagulated by heat and implanted mto 
isolated flaps of ectoderm they may induce well shaped eyes Lopaschov 
found that no definite eyes w ere induced if less than a certain quantity of 
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dead matenal was employed, but it does not seem possible to attnbute the 
lack of definite organs m our speciibens to a mere quantitative lack of 
evocator, since the masses of neural matenal which we obtamed are very 
large sometimes more than half the total volume of the explant It is just 
jiossible, though perhaps not very likely, that a certain morphological 
arrangement persisted m the dead matenal used by Lopaschov as implant, 
and that this is resixmsible for the mduction of morphologically organized 
entities We must, however senously consider Lopaschov’s own suggestion, 
that there are specific substances to which the ectoderm can react with the 
formation of organs Further work on this matter is much to be desired 

The development of a morphologically organized structure such as an 
eye or a definite region of the neural tube mvolves a co ordinated senes 
of foldings, thickemngs, etc and each point m the developmg mass must 
have physical or chemical characteristics which cause it to perform exactly 
those changes which ore required of it It is this system of physico chemical 
values which has been referred to as the individuation field The facts of 
normal mduction by livmg orgamzers show clearly that the individuation 
field of an induced neural tube can be influenced by that of the mducmg 
organizer matenal in fact the influence is usually so far reachuig that the 
region of the mduction corresponds exactly with that of the inducer This 
18 obviously necessarily so if, as is suggested by our expenments reported 
here, the competent ectoderm can of itself produce no morphological 
organization characteristic of a defimte region If we adopt Lopaschov’s 
hypothesis, that mduction is normally an affair of difterent substances which 
specifically mduce certam organs, we must admit that the position m 
which these stuffs are hberutod is so exactly controlled by the individua 
tion field of the mducmg tissues that the regional correspondence of 
inducer and mduced is ensured Ihus Lopaschov’s specific substances 
become the mechanism by which the mdividuation field of the inducer 
controls that of the mduced 

The control exercised by the diffusion of one single substance can hardly 
be very detailed One can, perhaps, imagme the production under the 
stimulus of a specific substance, of an organ symmetneal about the area 
from which the substance originates one might in this way obtam the 
mduction of a radially symmetrical eye or, if the substance diffuses out 
from a long narrow area, of a bilaterally symmetneal organ But if a 
specific substance can really mduce the formation of a perfectly shaped eye, 
we are set the more difficult task of findmg how the ectoderm, which we 
know to be comparatively uniform and mdifferent, can produce within 
itself an asymmetneal disposition of forces which can mould it into a 
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complicated shape The discovery that the production of an asymmetnoal 
organ can be entirely accounted for by a reaction between a specific sub 
stance and a homogeneous ectoderm although it may appear to bring us 
immediately withm the sphere of physico chemical concepts would 
actually render the process of development less and not more easy to 
understand m material terms 


One of us (C H W ) makes grateful acknowledgement to the Royal 
Commissioners of the Exhibition of 1 S 61 for a Studentship held during the 
course of this research The thanks of the authors are due also to the 
Rockefeller ioundation for a grant in aid of the research expenses 


5 — Summary 

1 Both desrao and lyo glycogen preparations may l>e used to produce 
successful neural inductions in the amphibian embryo Oesmo glycogen 
cannot therefore be identical with that fraction of glycogen to which the 
evocator is attached m the cells 

2 Ihe distmotion between evocation and individuation has been 
studied by implanting desmo glycogen preparations containing the evo 
eator into isolated pieces of competent ectoderm Massive neural inductions 
are produced but these have not the character either of recogm/able parts 
of the nervous system or of sections of a noimal neuial tube On the 
other hand the cells are not onented entirely at random They tend to 
arrange themselves radially surroundmg hollow tubular spaces of which 
there may be as many as six branching or independent in one mduction 
This 18 believed to demonstrate the effect of the homogeneous stimulus of 
the primary evocator 

3 following on the induction of neural tissue the repulsion of overlying 
ectoderm and the formation of melanophores were observed These two 
effects are interpreted as dependent diffeientiatu ns brought about by the 
presence of neural tissue as such 
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Dkscription of Piate 18 

Fig 1, No E 746-3 — Secondary neural tube mducoil by dosmo glycogen 

Pro 2, No E 766-6- -Secondary neural tube mduced by lyo-glycogoti 

Fig 3, No K 131d-6 — Neural tissue induced by ilesino-glycogen in isolated ectoderm 
of axolotl Fixed after 4 days 
Fig 4, No E 13ld -9 — The same Fixed after 4 days 

Fig 6 , No E 131d-12 — The same Fixed after 4 days 

Fio 6, No E 1 3 1 d-20 — The same Fixed after 6 days 
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On the Change over in the Oestrous Cycle in Animals after 
Transference across the Equator, with Further Observa- 
tions on the Incidence of the Breeding Seasons and 
the Factors controlling Sexual Periodicity 

By F. H a. Maeshall, P.R.S , Cambridge 
{Rectwed 22 February 1937) 

In the Croonian Lecture ( 1936 ) I adopted the view that sexual periodicity 
is primarily a function of the gonads which show an alternation between a 
condition of activity and one of rest, but that the reproductive rhythm, 
while metabolically conditioned and to some extent directly controlled by 
the general environment, is in the higher forms of life regulated further by 
exteroceptive stimuli conveyed by nervous paths to the hjrpothalamus and 
thence transmitted to the anterior pituitary The evidence for this view is 
there summarized, and it becomes apparent that in mammals and birds 
at any rate the nervous system plays an important part m the regulation 
of the oestrous cycle. 

In a large number of ammals the mcidence of daylight is almost certainly 
an important factor m controlling the cycle The rummants, however, are 
exceptional smce if they react to light at all it must be to dimmution rather 
than to increase. That they react to seasonal change m a remarkable way 
is shown especially by those natural experiments m which individual 
animals of vaneties or species that normally breed once annually, have 
crossed the equator and as a consequence have been mduced to have two 
sexual seasons m one year At any rate these oases cannot be explamed 
simply as due to an endocnne rhythm. 

Shbxp 

The case of the flock of twenty-one Southdown ewes (as described by 
Dr. L L. Roux) which were imported when pregnant into Cape Province, 
South Africa, has already been recorded m a footnote tp the Croonian 
Lecture. The ewes lambed in January 1933. They came on heat and were 
tupped in May 1933 so that the change over to conform to the sexual 
season of the southern hemisphere was at the b^dhobog very rapid. In 

Vol CXXn-B. (1 Jimo 1937 ) [<1*1 8 * 
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1934 they came on heat m April, and in 1935 and 1936 they came on heat 
in March which is nearly the reverse of the normal tupping time m England 
It 18 thus seen that m just over 2 years they became almost or quite 
adjusted to the South Afncan seasons 

A second case of interest is one of twenty-five Southdown ewes which 
were imported to the Argentme from England m April 1935 and kept on 
the estate of Sucesion Julio Pueyrred6n El Campamento, Nahuel Ruoa, 
F C S The ram was put in with them m December 1935 at a time when they 
would have been breeding if in England Only three of the ewes produced 
lambs It IS evident that the English sexual rhythm had been disturbed 
by the ewes havmg been transferred to a country with reversed seasons 

In a third case a batch of Southdown ewes was unported to the Argentme 
from England m April 1936, and kept by Sucesion Pueyrredbn on the 
same estate The ram was put with them in July, that is, at a tune when 
Southdown sheep do not breed in England All the ewes were duly served 
It IS apparent that the sexual season was accelerated 

For the information about the last two cases I am mdebted to Dr John 
Hammond who visited the Argentine in the second half of 1936 As is well 
known Southdown sheep in England have only one breeding season (in 
the late summer and autumn) 

In partial confirmation of the above recorded results I am informed that 
pregnant ewes imfwrted mto Australia after lambing at the English time 
will often take the ram (shortly after parturition) at the Australian time 
and thereafter conform to the Australian seasons My mformation comes 
from Major Robert A Wilson who obtained it from Mr Fawkes, the state 
ment bemg based on Mr Fawkes’s own experience I am not however, m 
possession of exact dates 

In England, as is well known, sheep of most breeds are capable of havmg 
an extended sexual season from August to February with a succession of 
dioestrous cycles (leaving out of account the exceptional breeds — Dorset 
Homs and Mennos — which can have lambs twice a year) In Scotland the 
tupping time is later (October to December) especially m the Highlands, 
and speakmg generally is more limited in duration the farther north we 
go This may be partly a breed difference but it is certainly not entirely 
so since Scottish Black faced sheep are known to breed later and to have 
fewer dioestrous cycles (in the absence of the ram) m the Highlands as 
compared with the Lowlands Moreover, Mr Hallddr P&lsson informs me 
that with the native Icelandic sheep, the ewes come on heat m mid 
November and are usually tupped between Christmas and the New Year 
The lambs breed m December when 7 months old Furthermore, Dr 
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Hammond asoertamed that m the extreme south of the Argentme (m 
Patagonia) the sexual season of the Romney Marsh sheep is very limited 
there being only two or three dioestrous cycles in May and June as with 
Scottish sheep m the Highlands in November and December On the other 
hand Dr Hammond found that sheep of the same breed m the north of the 
Argentme (Provmce of Buenos Aires) have an extended sexual season 
from December to June comparable to what they experience m the reverse 
time m Central and Southern Europe 

The above recorded facts do not admit of a complete mterpretation for 
the recurrence of the sexual seasons cannot be simply explamed as the 
result of a response to dimmution of dayhght Nevertheless there is 
evidently some correspondence between the oestrous cycles of the sheep 
and the seasonal environmental conditions as experienced m different parts 
of the world m both hemispheres This is shown in the existence of a 
relation (but not a very close one) between the latitudes and the times of 
breeding 


Rbd Dekb 

Red deer have been imported into New Zealand from Scotland and 
England as well as from vanous countries in Europe and wherever they 
came from they have adapted themselves to the southern hemisphere 
seasonal conditions Thus with the stags the times for rut and for the 
growth and shedding of the antlers and pelage are the reverse of the tunes 
in Europe and with the hinds the periods of oestrus and of parturition 
are also m actual time reversed Donne (1924) who had access to the 
State records of New Zealand has supplied some mformation as to the 
change over m individual deer He states that two stags and four hmds 
(all 4 years old) were shipped for New Zealand from Warnham Court Park 
England on 4 October 1907 Two of the hinds died on the voyage but the 
rest reached New Zealand in mid November and were placed on the 
Paraparaumu game farm The stags came out of the bush with clean 
antlers and began roanng on 2 May 1908 2 or 3 weeks after the New 
Zealand stags had ceased rutting and about 6 weeks after they began 
These stags therefore had shed their antlers and grown new ones twice in 
one year but the first antlers grown m New Zealand had apparently not 
had time to develop fully bemg smaller than those which were shed Thus 
under exceptional circumstances stags may rut without the antlers having 
reached the full normal growth for animals of the age m question In 1909 
the stags rutted at the end of March at the usual time for New Zealand 
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The two surviving hinds which were pregnant to stags in England calved 
m April 1008 at the normal English time Donne states that they calved 
agam in February 1909 Assuming that this is correct they must have 
become pregnant to stags which were ruttmg m the previous July, which 
18 an unusual time for New Zealand Donne 8 a 3 rB that “m 1910 they had 
adapted themselves to local conditions” It would thus appear that stags 
may take about 18 months or leas to become adjusted to the southern 
hemisphere seasonal conditions after importation from England and that 
the oestrouB cycle of the hinds is fully reversed after about 2 years 
Mr Conrad Hodgkinson of Otago has kmdly supphed me with con- 
firmatory mformation in regard to the change over in stags He states that 
two animals (both 2 years old) were imported into New Zealand in the 
‘ late fall” Instead of sheddmg their hair and horns they grew a thick 
shaggy coat and retamed their horns for some months In the followmg 
autumn (12 months after their arrival) one of them took a small herd of 
hinds and ‘ was undoubtedly on the rut” It must be understood that it 
was not easy to observe exactly what happened to deer after they were 
turned out as often they were not seen agam for some time Mr Hodgkinson 
reports another case of a stag, imported in the New Zealand spring, which 
took up with some hinds when turned out later, and rutted normally 
(holding seven hmds) 18 months after arrival 
Through the kmdness of Mr C E Lucas of Wamham Court, Sussex, I 
have obtained a record of the sexual seasons of the New Zealand deer 
which were imported to Wamham Park in the late autumn of 1910 There 
were eight hmds, all of them yearlings or namg 2 years old They first came 
on heat in April 1911 which is the normal time for red deer m New Zealand 
One or two of the Wamham stags were seen to cover the hmds but there 
were no calves Mr Lucas thinks that the non occurrence of pregnancy 
may have been due to the hinds bemg yearlings The fact that the hinds’ 
first oestrus in England was at the New Zealand time shows that at this 
phase the ongmal oestrous rhythm was a stronger factor m the control of 
the cycle than any external causes The hmds next came on heat m 
December-January (1911-12) and Mr Lucas himself saw one of the 
Wamham stags jump a hmd on 16 January 1912 Four or five very late 
calves were produced by the hinds but they did not survive for long although 
one stag calf and one hmd calf lived through the wmter of 1912-13 The 
New Zealand hinds became fully acchmatized by the autumn of 1912 and 
expenenced oestrus at the normal English time Thus, it took approxi- 
mately 2 years for the imported deer to adapt their oestrous cycles to the 
English seasons 
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It has been mentioned that Wamham stags were seen to copulate with 
the New Zealand hmds m April and again in December and January, these 
months bemg outside the ordmary rutting time for stags in Great Britain 
The rut was observed by Mr Lucas as well as by the late Mr J G Millais 
who was a neighbour of Mr Lucas and a close observer of the Wamham 
Park deer Mr Millais reported the occurrence to Mr Donne statmg that 
"when the New Zealand hinds came mto season [in April] the whole of the 
stags m Wamham Court Park began roaring, fightmg and carrying on m 
a wild crazy manner and rutted, although many of them had shed one or 
both antlers, and all of them had participated in the local rut durmg the 
previous September and October ’ Millais expressed the view that it is 
the hinds more than the stags which are responsible for the time of rut and 
cited this mcident as evidence (Donne 1924) * Dr Fraser Darlmg who has 
made a close and extended study of the red deer on Priest Island, Wester 
Ross, Scotland informs me however, that the testes of the stag become 
very perceptibly reduced m size after the normal rut is over (in December) 
and presumably go into a state of relative quiescence Very exceptionally, 
he says, a hind may be rendered pregnant by copulation m Febmary but 
that when this happens it is due to service by a young stag which had not 
mated durmg the regular season With park stags in the south of England 
the capacity for breeding may perhaps be greater and it is probable that 
the level of their testicular activity does not fall so low that it cannot 
be raised by exteroceptive stimuli such as those resultmg from the proxi- 
mity of hinds m a stage of oestrus 

It has been said that if the sexual cycle in deer is related at all to daylight 
it must be to diminution of light It is possible however, that temperature 
may be a contributory factor for there is a common behef which is well 
attested that in Scottish deer general rut does not occur properly imtil 
there has been a sharp frost that is to say, that a frost will awake both 
stags and hinds to their full sexual activity Major R A Wilson has made 
an identical statement about red deer in New Zealand, basmg jt on his 
own observations Furthermore, Lord Latymer informs me that m his 
own experience in Scotland ‘ if there is an exceptionally mild autumn, such 
as occurs only once or twice in a half century there is very httle matmg, 
and very few calves will be dropped m the followmg spring ’ In experi- 
ments on sheep, however, McKenzie and Philhps (1933) have shown that 
there is no significant difference m the times of commg on heat when the 

• Mr Luoaa mfomw me that Donne is incorrect m stating that this rut resulted 
in one of the New Zealand hinds bearing a calf The stag with exceptionally fine 
antlers to which Donne refers was conceived at a later m* 
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ewes are subjected to different degrees of temperature for some tune 
before the beginning of the sexual season, a low temperature having no 
effect m acceleratmg the cycle 

Other Euminahts 

Of the other rummants which have been introduced mto New Zealand 
all have reversed their actual times for breeding Thus, Donne (1924) states 
that the fallow deer, which ruts m England m October, 2 or 3 weeks later 
than the red deer, in New Zealand ruts m April , the moose, which has its 
sexual season m September and October m Canada (a httle later than m 
USA) m New Zealand ruts in March and April , the wapiti ruts m New 
Zealand from the third week m March until mid April, the reverse of the 
Canadian time , and the Virginian deer which m America has its season in 
October, in New Zealand ‘ should rut” from April to early June (Donne 
1924) Lord Latymer informs me that the chamois, which m Europe mates 
m mid November, has also reversed its time m New Zealand 

The case of the Thar is especially interesting In India it ruts m Septem 
ber-October but m New Zealand in Apnl-May (Donne 1924) Dr Zucker- 
man informs me that for this species in the Zoological Society’s Gardens in 
London, the breeding season gradually became later, the peak of births 
(as shown m frequency curves which he constructed from the Society’s 
records), durmg the period 1891-1910 was m May but m the next 20 year 
penod 1911-30 it was in the first part of July (see Marshall 1936) Smce 
the period of gestation in the Thar is 8 months the corresponding sexual 
seasons for this species were respectively September and early November 
It IS thus seen that the New Zealand sexual season is the reverse of the 
acquired season m England and about 7 months later (or 6 months earher) 
than the time of rut in India 

There is no information available for any of these species as to the 
process of reversal in particular imported mdividuals 

Of the domesticated rummants mtroduced mto the southern hemisphere 
goats, like sheep, reverse their breedmg seasons so as to conform to 
southern conditions In England the more active season is m the second 
half of the year but conception may take place m any month October is 
the most frequent month and May the least frequent (Asdell 1929) Swiss 
goats usually breed from October to January In South Africa Boer goats 
breed from April to August and Angora goats from February to August 
(Kupfer 1928) Thomson (1922) states that the “wild goats” at Skippers, 
New Zealand, have their young “m wmter”, and Zuckerman (1932), who 
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quotes this observation, says it suggests ‘ that the new environment has 
not altered the goat’s European breedmg habit” This explanation, how- 
ever, 18 not valid smoe goats frequently breed in England m September and 
produce kids in February 

Of the native ruminants in the southern hemisphere it is to be noted that 
all those species which live some distance from the equator appear to rut 
m the first part of the year (late summer or autumn) This is the case with 
the white tailed and brmdled gnus the steenbok, impala, spring buck, 
bush buck and inyala The sexual season of the giraife m South Africa is 
from August to December Tropical and some subtropical antelopes which 
live under comparatively umform conditions as regards dayhght may have 
extended breedmg seasons or breed all the year roimd, and the red and blue 
duikers also have vanable or extended breedmg seasons as likewise, do 
the roan and sable antelopes and the kudu and the eland (Fitzsimons 
1919-20) In the Cape buffalo the sexual season is Apnl to June accordmg 
to Lydekker (18986), but it is vanable accordmg to Fitzsimons (1919-20) 

South Amencan deer appear to breed in the autumn Thus, the red 
Brocket {Mazatm rufa) is said to have a sexual season m Apnl (Lydekker 
1898a) 

All the northern deer rut m the autumn as do also the prongbuck, the 
Indian bufiPalo, the musk ox, and the vanous species of sheep and goats 
The Amencan and European bisons rut in the late summer or autumn 
The Alpme and Asiatic ibexes however are stated to have their sexual 
seasons m the winter (Lydekker 18986) Lydekker (1924) mentions a few 
other species which are stated to rut at unusual times for rummants Thus, 
the muntjac is descnbed as ruttmg m January to February or irregularly, 
the musk deer in January, the Memima chrevrotam in June, and the 
Thamm from March to May The black buck or Indian antelope is said to 
rut m February or March but nevertheless young may be seen at any tune 
(Lydekker 1924), so the duration of its ruttmg season must be regarded as 
doubtful 

Tropical and subtropical deer, like antelopes, tend to have extended 
sexual seasons and may breed at any time of the year This is the case for 
example with the axis Moreover, according to the Marquess of Tavistock, 
no tropical deer adapt themselves to the English seasons According to 
Donne (1924), however, the sambar mtroduced into New Zealand, ruts m 
March and Apnl 

Some domesticated rummants as with domesticated mammals of other 
species (e g dogs, oats and rabbits) seem to have partly or entirely freed 
themselves from the influence of seasonal exteroceptive stimuh This may 
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be partly due to the fact that for many generations they have not been 
under the influence of natural selection the capacity for response being 
of little or no biological advewitage to them Thus domestic cattle may 
breed at any season of the year With wild white cattle there is however 
a tendency to calve m the spnng as a consequence of matmg about July 
(Wallace 1907) Moreover Roberts (1928) states that with domestic cows 
as age advances an mcreasmg proportion calve m March April and May 
and at the sixth time of calvmg this proportion is nearly 60 % 

It 18 thus seen that rummants with very few exceptions have their 
sexual season m the autumn and so difier from the majority of animals 
which breed m the spring Seeing that the gestation period m rummants 
IS usually some 6-8 months it is no doubt true that teleologically speaking 
the times of rut are so arranged that the young shall be bom at the most 
favourable season for their development It might be argued that the time 
of parturition has become faxed by natural selection and that the rest of 
the sexual cycle has become arranged around this pomt the successive 
stages dependmg merely upon a natural rhythm This explanation how 
ever is not entirely satisfactory smce the period of gestation being 
generally fixed within rather narrow limits for each species the time of 
partuntion depends upon the time of oestms and rut and where this is at 
an abnormal season (as m exceptional cases) the time of partuntion is also 
correspondingly abnormal The physiological problem as to the causes of 
the seasons m the mdividual ammal is different from the teleological one 
and in considermg these causes it becomes apparent that the pomt at 
which the cycle is brought more particularly mto relation with the seasonal 
environment must be the time of rut and oestrus upon which m each 
species the rest of the cycle mainly depends As already indicated 
diminution m daylight has been suggested as a possible stimulus and 
temperature is sometimes perhaps a contnbutory factor as has been sup 
posed for deer Indeed it would appear likely that there is a combmation 
of stimuh which judging by analogy from what is known concemmg other 
animals are exteroceptive m character Tropical rummants when brought 
to temperate countries do not usually adjust themselves to the changing 
seasons because they do not have the capacity to respond to appropriate 
stimuh so as to undergo rut or oestrus at fixed times of the year 
That the degree of reaction may vary with allied genera must also be 
noted Thus the reed buck and the bush buck inhabit the same part of 
South Africa and are exposed to the same conditions yet the reed buck 
may breed throughout the year whereas the bush buck as already men 
tioned has a restricted season (Zuokerman 1932) 
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Otheb Mammals 

A comprehensive comparative account of the seasons for breeding in all 
mammals would require a whole volume Here it may be said that the 
insectivores, carnivores, rodents and non-rummatmg ungulates with very 
few exceptions outside of tropical areas breed in the sprmg or first half of 
the year in the northern hemisphere and m the spring or second half of 
the year in the southern hemisphere In subtropical areas there may or 
may not be a breeding season with the mammals mhabitmg them, and its 
occurrence is to some extent related to latitude Some of the rodents in 
temperate countries are exceptional m having very extended seasons or 
breedmg throughout practically the whole year Amongst carmvores the 
badger is exceptional m breedmg in October and this may be m some way 
correlated with its unusually long penod of gestation (For details for 
different species, see Heape 1900, Seton 1909 Fitzsimons 1919-20, 
Marshall 1922, Wood Jones 1923-5 and Zuckerman 1932 ) 

Sexual periodicity in the bats has been recently discussed and the main 
facts summarized by Baker and Baker (1936) and Baker and Bird (1936) 
The fruit bats breed m the autumn (or correspondmg time even though 
the environmental conditions are almost uniform over the whole year) 
in both hemispheres The msectivorous bats that hibernate, as is well 
known, copulate m the autumn and ovulate m the spring, but many 
copulate agam m the spring The msectivorous bat Miniopterus m the 
New Hebndes has a sexual season in the southern “sprmg” 

With marsupials nearly every month of the year may be the breeding 
season of some species, but many of them hve under comparatively 
uniform conditions as regards the duration of daylight (Wood Jones 

1933-5) 

For the primates the evidence as to sexual jienodicity has been sum 
manzed by Zuckerman (1932) Although some species are described as 
having restncted seasons Zuckerman concludes that, speaking generally, 
“monkeys and apes, hke man expenence a smooth and uninterrupted 
sexual and reproductive life ” This conclusion, however, must be accepted 
with reservation, and there is evidence that primitive man had an annual 
breedmg season m sprmg (see Marshall 1922) 

It has been already remarked that several, at least of the domestic 
mammals have partially or entirely freed themselves from the mfluence of 
seasonal changes upon their sexual activity their oestrous cycles bemg 
accelerated This is perhaps partly the result of artificial selection, but 
warmth, plenteous nutrition and comparatively uniform conditions are 
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probably contnbutory causes The domestic bitch may expenence oestrus 
at any time of the year though mamtauung a defimte internal rhythm 
Heape (1900), however, states that m Danish Greenland the dogs have 
only one annual breedmg season (instead of two) and resemble the wolf 
and jackal which m their wild state breed m the first part of the year 
The dingo of Austraha, which is believed to be descended from some dogr 
or wolf like ammal, usually breeds m August and September m the southern 
spring (Wood Jones 1923-5) Xhe wild cat m Bntam usually breeds only 
m the sprmg (Millais 1904-6), and the alhed African wild cat has its sexual 
season in South Afiica m the southern spring (Fitzsimons 1919-20) The 
domestic cat, on the other hand, has two (sometimes three) sexual seasons 
m the year, breeding at any time though perhaps oftener in the spring 

The wild rabbit in England breeds usually from February to May but 
may breed again about harvest time in August The domesticated rabbit 
if kept warm and well fed may breed all the year round Mr W Weatherly 
informs me that m Victoria the sexual season of the introduced rabbits is 
from August to October but that there may be a less pronounced season 
after the rains m April In Central Austraha m favourable seasons the 
rabbits may breed all the year round It is said also that m New Zealand, 
where the rabbit has likewise been introduced, it breeds in some localities 
all the year Other introduced mammals in New Zealand, excepting the 
rummants, are said to breed m the southern sprmg 

Hammond’s observations on the breedmg seasons of the horse have 
been bnefly recorded m the Crooman Lecture (Marshall 1936) In the 
more improved breeds especially the times of breedmg are very extended 
but the numbers of mares served in sprmg as compared with other times 
are markedly greater, and this apphes to the southern sprmg as well as the 
northern In South Afnca both for donkeys and horses there is an inactive 
season which ends about September (Kupfer 1928) 

It 18 thus seen that rummants m usually breeding in the autumn stand 
out m contrast to the majonty of other mammals 

Birds 

The subject of photopenodicity m buxls has beeh well treated by Rowan 
(1926) As IS well known most birds breed m the spnng when the dayhght 
IS mcreasmg and this fact was made the basis of the view which led Rowan 
to carry out his famous experiments on the effects of irradiation upon the 
reproductive organs and upon the migratory movements of birds The 
native birds of the southern hemisphere (at any rate below subtropical 



Faciore controlling Sexml Penodictty 423 

latitudes) are for the most part no exceptions to the general rule and it is 
interesting to note that according to Hutton (1901) the European species 
which have been introduced into New Zealand conform to the seasonal 
cycle of that country m regard both to the plumage changes and to their 
breeding penodicity Hutton mentions the starlmg the Imnet the redppll 
the robm and the hedge sparrow as mstances Thomson (1922) says that 
the domestic sparrow breeds from September to April and the thrush m 
September and October and usually agam later He says also that the 
thrush m the South Island at least commences to sing in May at the 
begmmng of the winter Nothmg however appears to have been recorded 
as to the change over m particular individual birds 

Of birds which have been transported from the southern to the northern 
hemisphere and kept m captivity the Marquess of Tavistock found that 
whereas parakeets from Southern and Central Austraha adapt themselves 
to the Enghsh seasons at once and breed in spnng birds from North 
Austraha (the hooded parakeeet and Browns parakeet) retam their 
ongmal breeding season which is in October Lord Tavistock informs me 
further that the roseate cockatoo adapts itself at once but that the Bank 
Sian cockatoo in England is rather unadaptable usually moulting in 
spnng and laying from late summer well into the winter Mathews (1910- 
27) states that the roseate cockatoo in Austraha breeds m September and 
November (spnng) in the east and m February and March m the north 
west where conditions are presumably more uniform The Banksian cocka 
too breeds in May to July m Austraha (Mathews 1910-27) which 

would suggest that this species to a certam extent at any rate adapts itself 
in England 

According to information kindly supplied by Mr Hugh Wormald of 
East Dereham the Australian maned goose or wood duck {Chenonetta 
jubata) kept by him in Norfolk laid eggs which hatched in May and this 
happened agam in August Mathews (1910 27) states that the breedmg 
season of this bird m Austraha is from August to January or later but m 
June in the north It would seem therefore that this species m England 
responds to the northern hemisphere conditions breedmg m the warmer 
and hghter part of the year 

Witschi (1935) records that tropical African weaver fanches kept for 
3 years m the ammal room at Iowa City under constant food conditions 
mamtamed *their African cycles Their breedmg season is in the fall 
If light haa any influence then this group of birds responds to shortenmg 
and not to lengthenmg of the day Even juvenile paradise whydahs which 
came mto their first breedmg penod only after they had lived one full year 
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m Iowa unhesitatingly fell into line with their adult oompamons, ooming 
m breeding condition m August-September of their second year ” 

Rowan (1926) has discussed at length the difficult question as to the 
factors which control breeding in the transequatonal migrants and has 
given a cntical summary of the evidence bearing upon this problem With 
a few doubtful exceptions these northern breedmg birds do not ever breed 
in the south m response to dayhght conditions there * The case of the 
European white storks which he quotes on the authority of Murphy (1925) 
as having bred m captivity in Peru is one of exceptional mterest For the 
stork 18 a migrating bird which crosses the equator and migrates far south 
annually Yet Murphy states that the storks kept in captivity at Luna 
bred at their appropriate season for the southern hemisphere, the sexual 
cycle in these birds bemg completely reversed f 

Discussion 

The evidence here collected, which is supplemental to that presented m 
the Crooman Lecture, shows that the gonadal endocnne rhythm with the 
higher animals although sometimes mamtamed m abnormal surroundings 
(as m some species of birds), is m most species readily altered by extero 
ceptive stimuli or other environmental influences, and even to such an 
extent that the mdmduals of a species may have two breedmg seasons m 
a year when they normally would have only one Moreover, considered m 
the light of the evidence previously brought together there is a presumption 
that the adjustment to the new seasonal influence is effected through the 
hypothalamo hypophysial mechanism, the antenor pituitary bemg the 
pnncipal regulator Although whole groups of ammals such as the 
rummants appear to react to the seasonal environment m much the same 
kind of way, stress must be laid on the fact that there are also wide 
differences m the degrees and modes of reaction (and sometimes even 
among allied species) This has also been emphasized by Rowan (1936) who 
points out that whereas ferrets have been shown to react to green light 
(Marshall and Bowden 1934) starhngs completely failed so to react (Bis- 
sonette 1931) Furthermore, some ammals are exceptional m seemmg 

* The mutton bird of New Zealand and several other species of shearwaters 
{Pujfinut) in the southern hemisphere do the converse of this, breedmg m the south 
(South Amenoa, Australia and New Zealand) in the second half of the year and 
migrating across the equator to the north (where they do not breed) m the first 
part of the year (Murphy 1936) 

■f Conoemmg these birds Dr Murphy mforms mo that they were “courting m 
September, buildmg nests and laying eggs m October, and subsequently rearing 
young” 
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not to react to irradiation of any kind as regards the incidence of their 
sexual season 

ExpertmerUs with Light and Ultra violet Irradiation 
There is already a long list of animals and birds which have been shown 
experimentally to respond to hght irradiation by coming into sexual 
activity outside of the normal season and to this list there must now be 
added the white-footed mouse (Whitaker 1936) and the raccoon (Bissonette 
^and Czech 1937) i Experimental results have shown further that ultra 
violet irradiation may have an even greater mfluence m the physiological 
control of oestrus than ordinary hght rays smce its effects are more long 
continued Thus, Bowden and I found that with female ferrets treated with 
ordinary electric light or with rays from the visible part of the spectrum 
m midwmter daily from about dusk to midnight oestrus supervened m 
about 3 weeks, but the ferrets m the following spring passed into a state 
of anoestrum, though they frequently came on heat again a second tune 
later in the season after the manner of normal ferrets On the other hand, 
ferrets treated for similar lengths of time with ultra violet rays came on 
heat m wmter after a like interval but remained on heat for a far longer 
duration and sometimes until the end of August (Marshall and Bowden 
1934, 1936) In the second year some of the ferrets treated with ultra 
violet rays died from uncertam causes during the late spring but they had 
a contmuous oestrus until death In a third year (1936) six ferrets treated 
with electric light in various ways behaved similarly, but the two ferrets 
which were subjected to ultra violet irradiation came on heat m February 
(a httle later than the others) and remained on continuously until the 
end of August and then went into anoestrum The irradiation in every 
case was discontmued m May Thus, exposure to ultra violet rays caused a^ 
far more decided and prolonged effect than exposure to mcreased illumma- 
tion Bissonette (1936) states that the anterior pitmtanes of stimulated 
ferrets undergo histological changes comparable to those of castrated 
animals, large clear cells making their appearance, and this condition has 
been mterpreted as one of hyper-pitmtansm, at least in respect of the 
production of the gonadotfopic hormone The excessive fertility of the 
marmosets at the Lister Institute which were subjected to ultra violet 
treatment as described by Miss Margaret Hume, is also suggestive of hyper- 
activity on the part of the anterior pituitary (see Marshall 1936) It may 
not unreasonably be concluded, therefore, that the state of long contmued 
oestrus m the ferrets following upon ultra violet uradiation was similarly 
one of hyper-pituitansm This conclusion may be of far reaching application 
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although as already remarked it le unsafe to argue from one species to 
another without obtaining experimental verification Moreover, it seems 
clear that there are many species to which m a state of nature this pnnciple 
cannot apply 

I have pleasure m expressing my mdebtedness to the following gentlemen 
who have been so kmd as to supply me with records or other information 
The Marquess of Tavistock, Lord Latymer, Mr C E Lucas, Mr M A C 
Hmton, Dr L L Roux, Major Robert A Wilson, Mr Conrad D Hodg 
kmson, Sucesion J Pueyrred6n, Professor W Rowan, Dr F Fraser 
Darhng, Dr S Zuckerman, Mr Hallddr PAlsson, Mr Hugh Wormald, Mr 
Mark Johnson, Mr W Weatherly, and, in particular. Dr John Hammond 


Summary 

It has been shown that Southdown sheep and also red deer after bemg 
transported across the equator from one hemisphere to the other reverse 
their breeding seasons so as to conform to the conditions of the countnes 
into which they have been introduced This statement apphes not only to 
the breed or species but to individual animals The change over may 
begin at once so that the animals can have two rutting or sexual seasons m 
one year when they would otherwise have only one but the complete 
adjustment may take about 2 years This apphes both to sheep and to 
deer It is clear, therefore, that the oestrous cycle and its successive phases 
are not regulated solely by the endocnne mechanisms of the gonads and the 
pituitary, but are controlled also by exteroceptive or other external 
factors which probably act upon the hypothalamo hypophysial mechanism 
through the nervous system 

With other species of rummants mtroduced into New Zealand the 
breedmg seasons have also been reversed so as to conform to southern 
hemisphere conditions but no information is available as to the change over 
in particular individuals 

It IS pomted out that with the majority of rummants both m the 
northern and in the southern hemisphere (and at a considerable distance 
from the equator) the sexual season is m the autumn so that if these 
ammals react to hght it must be to dimmution and not to mcrease 

Tropical or subtropical rummants generally have an irregular or more 
or less contmuous breedmg season and do not usually adjust themselves 
to the changmg conditions of temperate countries m regard to sexual 
activity 
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The majority of other mammals (especially msectivoree oarmvores 
rodents and non |iimmating ungulates) breed m the first half of the year 
in the northern hemisphere and m the second half in the southern hemi 
sphere (exoeptmg m some tropical and subtropical countnes) Species 
which have been mtroduoed from the northern to the southern hemisphere 
conform to the seasonal conditions of the south 

With various species of birds which have been transported from the 
southern to the northern hemisphere the breeding season generally becomes 
adjusted to the new conditions but this is not always so for a few species 
tend to retam the cycles of their native countnes Species which have been 
mtroduced from the north to the south so far as recorded always adjust 
themselves 

Emphasis is laid on the fact that whereas with most animals light 
appears to enhance sexual activity there is a great vanation in the reactions 
of different species 

In the case of the ferret it is shown that ultra violet irradiation has a far 
more extended effect upon the sexual organs than ordinary light rays This 
effect must be interpreted as one of hyper pituitansm (at least in regard to 
the gonadotropic function) and though the principle mvolved may have 
far reaching apphcations it is unsafe to generalize from results obtained 
from one species of animal 
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The Carcinogenic Action of Dibenzcarbazoles 

By Eric Boyland and Austin M Brubs* 

From the Research Institute of the Royal Cancer Hospital {Free), 
London, /S 3 

(Communicated by E L Kennaway, FR 8 — Received 10 November 1936) 
[Plates 19-22] 

The known carcinogenic hydrocarbons such as 1 2 6 6 dibenzanthracene 
usually produce primary malignant changes at the site of apphcation 
they are painted on the skin, papillomata or epithehomata are produced, 
if mjected subcutaneously sarcomata are formed The occupational cancers 
of the skm no doubt depend upon local action of the same kind, but the 
cancer of the bladder, which is found among chemical workers, arises m an 
organ which cannot come in direct contact with any external carcmogenic 
chemical agent 

Cancer of the bladder is more frequent among operatives in chemical 
works than in the general population , those concerned with the manufacture 
of naphthylamines and benzidine seem to be most liable to this form of 
cancer (cf Berenblum 1932, Hueper 1934) Tests of the carcinogenic 
activity of naphthylamines themselves, however, have given contradictory 
and unsatisfactory results and they do not produce cancer in ammals when 
applied to the skin 

In the light of the work of Barry Cook, Haslewood Hewett, Hieger and 
Kennaway (1935), which had shown that dibenzacridmes were paremo 
genic, it seemed possible that some impurity in naphthylamines formed 
during their manufacture might be the responsible carcinogenic agent 

a Naphthylamine is manufactured by reducing a mtronaphthalene with 
iron and a small quantity of hydrochloric acid It is possible that under 
the conditions used some hydrazonaphthalene might be formed Hjdrazo 
naphthalene m presence of acid has been shown to undergo a benzidine 
change to give two products one of which can undergo condensation to 
form 1 2 7 8 dibenzcarbazole (I) (Veseiy 1905) If the mtronaphthalene 

* Moseley Tra veiling Fellow of Harvard tJnivorsity 
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contained any P mtronaphthalene that might imdergo a similar change to 
form 3 4 (5 6 dibenzcarbazole (cf Corbellim and Marcom 1932) 



/? Naphthylamine is manufactured by heating fi naphthol with ammon 
lum sulphite and ammonia under pressure at 160° C It is known that 
excess heatmg or ineffective stirring leads to formation of /?/? dinaphthyl 
amine (II) so that this is a contaminant of the crude product which is then 
distilled %n vacuo Dunng the distillation it is possible that 3 4 6 6 
dibenzcarbazole (III) might be formed as carbazole is formed in the dis 
filiation of diphonylamine The presence of a naphthol might load to the 
formation of afi diiiaphthylamine and that in its turn to 1 2 6 6 dibenz 
carbazole (IV) A probable contaminant of fi naphthol is fifi di hydroxy 
oax dinaphthyl (V) which heated with zinc ammonium chloride yields 
3 4 6 0 dibenzcarbazole (III) (cf Walder 1882) 



It therefore seemed possible that naphthylamine workers might come 
m contact with dinaphthylammes and dibenzcarbazoles and for this reason 
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experiments were made with benzene solutions of oux dinaphthylamine 
dmaphthylamme (II) 1 2 6 6 dibenzcarbazole (IV) 1 2 7 8 dibenz 
carbazole (I) and 3 4 6 6 dibenzcarbazole (III) which were applied to the 
skm of mice The three dibenzcarbazoles wore chosen on accoiuit of their 
structural resemblance to 1 2 5 6 dibenzacridine and 3 4 5 6 dibenzacndine 
which like the related hydrocarbons 1 2 6 6 dibenzanthracene and 
1 2 " 8 dibenzanthracene have carcinogenic properties (Cook Hieger 
Kennaway and Ma3rneord 1932 Barry and others 1935) Wmterstein Schon 
and Vetter (1934) suggested that 1 2 benzcarbazole on the ground of its 
structural analogy to 1 2 benzanthracene might b( carcinogenic and in 
a later paper Schurch and Wintersteni (1935) reported that they had pro 
duced tumours of the skm in mice with 1 2 benzcarbazole 

Mice were also painted with o aminoazotoluene which has been shown 
to produce hepatoma (Nishiyama 1935) and diaminoazobcnzene or 
ohrysoidmc a commercial cotton dye lelated to aminoazotoluene The 
crystal structure of the three isomeric dibenzcarbazoles which were used 
has been exammed by Iball (1936) 


Experimental 

Mixed stock mice and albino mice of the bimpson strain were pamted 
twice weekly with 0 3 % benzene solutions of the substances Of the sixty 
mice pamted with 3 4 6 6 dibenzcarbazole two showed papillomata after 
100 days treatment but unfortunately this compound was toxic so that 
after 100 days treatment only one third of the original mice were alive 
On account of the toxic effect of the 3 4 6 6 dibenzcarbazole the 0 3 °o 
solution was discontinued after 126 days and a 0 1 % solution substituted 
and other series of mice were treated througl out with the diluted solution 
Of the mice treated with this compound eight have developed epitheliomata 
and four papillomata The survival and occurrence of the skm changes in 
these mice is shown m fags 1 and 2 No mice treated with 3 4 5 6^ibenz 
carbazole have lived more than 321 days A typical mouse from the first 
group of animals treated with a 0 3 % solution of 3 4 5 6 dibenzcarbazole 
for 126 days and then with a 0 1 % solution for 11 1 days is shown m fig 6 
Plate 19 This mouse had an epithelioma a section of which is shown in 
fig 6 Plate 19 with metastasis in the axilla (section shown m hg 7 
Plate 19 ) in addition to hepatic and biliary hypertrophy 

The other compounds tested were much less toxic while 12 6 6 
dibenzcarbazole is carcinogenic 1 2 8 dibenzcarbazole is only feebly 
active and the dinaphthylamines are not carcmogtmc to the skm After 
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Fia I — Mice painted with 0 3 % solution of 3 4 5 d-dibenzoarbazole in benzene for 
126 days and then with 0 1 % solution Thirty -four mice which survived lees than 
60 days are not represented In this and in figs 2-4 each vertical line represents the 
duration of hfe of one anunaJ after the commencement of treatment The transverse 
mark on some of the lines denotes the day when a tumour was first noticed. 
H = epithelioma, P = papilloma 



Fio 2 — Mice pamted with 0 1 % 3 4 6 0-dibenzoarbazole Five mice which survived 
less than 60 days are not represented. 
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340 days’ treatment 1 2 6 6 dibenzoarbazole has produced one papil- 
loma and three epithebomata in twenty mice Two of these epitheliomata 
are spindle celled (cf fig 8, Plate 20) With this compound no skin 
changes were noticed before 160 days (fig 3) Treatment of twenty mice 
with 1 2 7 8 dibenzoarbazole has produced only one epithelioma and one 
papilloma which arose after about 300 days and 450 days respectively 
Thirty mice were treated with oux dmaphthylamme, thirty with /?/ff 



dmaphthylamine, twenty with o aminoazotoluene and twenty with 
ohrysoidme No tumours were produced in any of these mice although in 
each senes some mice survived over one year 
The ammals which died after treatment with these compounds were 
examined for any neoplasms in the urmary tract Up to the present none 
has been found, but it was noticed that the liveis of many of the mice 
showed to the naked eye a nodular surface (see figs 6 and 12, Plates 19 and 
21) and following this observation all livers were examined 
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Chanqhs in the Liver 

All mice d3rmg after treatment with 3 4 6 6 dibenzcarbazole have shown 
stnkmg lesions m the liver One animal, which died 6 days after the first 
pamting, showed widespread fatty infiltration of hepatic cells, and after 
20 days the hepatic cells in most specimens showed vanous degrees of 
degenerative change In twelve of the seventy two hvers exammed, focal 
necroses were seen these occurred in animals dying at all stages, from 
10 to 236 days and in conjunction with the various other lesions described 
In about one half of the livers it was noted that the hepatic cell nuclei 
were abnormally variable in size, the smaller nuclei were pyknotic, while 
many very large ones were seen filled with clear staining mclusions 
Occasional mitoses indicated that regeneration was taking place A synopsis 
of the hepatic changes is given in Table I, and these are illustrated by 
figs 9-17, Plates 20, 21 and 22 

The most charactenstic lesion following 3 4 6 6 dibenzcarbazole pamting 
was hyperplasia of the bile ducts This was seen in thirty four out of forty 
three animals surviving for more than 30 days, and in twenty one out of 
twenty four of those surviving for 90 days or more In the earliest cases 
(14 days) new formed bile ducts could be seen in the pen portal regions, 
extending along the paths of bile capillaries, appeanng to elect certain 
lobules and to avoid others There was a tendency for the normally flat cells 
to become cuboidal and even columnar At times these new ducts were 
widely dilated (see figs 9 10 and 11, Plate 20) In the later stages (50 
days or more) the hyperplastic ducts filled entire lobules, m these cases 
the organ was grossly nodular and showed numerous small white patches 
on section In thirteen specimens from 65 to 2 16 days after the beginning 
of treatment the biliary growth was very disorganized These presented 
a similar gross appearance to the last group, but on microscopic examma 
tion there were many areas m which the biliary cells apjieared to have 
become disorganized and had grown in large groups with and without 
acini (see figs 13 and 14, Plate 21) The cells and their nuclei were 
considerably larger than normal so that m places it was difficult to dis- 
tinguish them from nearby compressed hepatic cells Mitoses were fairly 
numerous in a few of these 

In four of those livers with most marked biliary hyperplasia, all from 
imee dymg 200 days or more after treatment was begun, there also appeared 
nodular areas up to 1 ram in size of hepatic cells, with fairly numerous 
mitoses and contaimng nuclei of all sizes, but without the pyknosis or 
mclusions seen in earher specimens Many multmuclear cells could be seen 



Table I— Synopsis of Hepatic Lesions dj Mice Painted with various Substances 
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containing as many as twelve nuclei, there were a few giant cells with very 
large lobular nuclei , while m places rosette like structures of closely packed 
hepatic nuclei were seen (see figs 15 and Id, Plate 22) 

One specimen after 58 days’ treatment showed bands of connective tissue 
growing throughout all the lobules, without any change in the bile ducts 
Many of the specimens with biliary hyperplasia showed slightly mcreased 
connective tissue, but m none of these was it a prominent part of the picture 
In most of the livers in the senes there was a considerable increase in the 
number of endothelial cells, and this nas most striking in those animals 
dying dunng the second month, at which time biliary changes were begin 
ning A few scattered specimens showed perivascular mfiltration with 
leucoc5de8 

None of the ammals treated with other dibenzcarbazoles (1 2 7 8 or 
1 2 6 6 ) or with the two dinaphthylamines have shown h 5 rpertrophic 
biliary or hepatic cell lesions The various other lesions enumerated (fatty 
infiltration and degenerative changes m hepatic cells, increased endo- 
thelium, and perivascular leucocytosis) have been seen in these groups, 
focal necroses are relatively more frequent than m the group treated with 
the 3 4 5 6 compound Three mice treated with yff/S dinaphthylamine for 
65-70 days showed multiple focal necroses m both liver and spleen Four 
hvers from mice dymg after 96-104 days’ pamtmg with o ammoazotoluene 
have been examined according to the same technique, three of these have 
contained focal necroses and one has shown degenerative hepatic cell 
changes as desenbed above No hypertrophic lesions were present 

If we assume that in our experiments 0 05 ml of 0 1 or 0 3 % solution 
has been placed on the skm at each pamtmg, and that all of the substance 
IB absorbed, and calculate on that basis, we find that well marked bihary 
hypertrophy occurs after 66 days and a total of 0 8 mg of 3 4 6 6 dibenz 
carbazole, while &ank hepatic cell proliferation resemblmg hepatoma occurs 
after application of 6 2 mg of the substance Estimatmg in the same way, 
we find that 10 mg or more of the other dibenzcarbazoles and of the 
dmaphthylamines, and 4 6 mg of o ammoazotoluene have been adnunis 
tered without giving rise to any hypertrophic lesions of the hver 

As controls, thirty five livers were exammed m mice under mvestigation 
by other workers here The ammals had died after from 1 month to 2 years 
of pamtmg with vanous other carcinogemo and related substances, in- 
cludmg 3 4 benzpyrene, methylcholanthrene, and 1 2 6 6 dibenzanthracene 
Table 11 summarizes the results found m these control mice The majority 
of the control livers were essentially normal , a few showed focal necroses, 
fatty infiltration, or perivascular leucocytic mfiltration or mcreased 



Table II— Synopsis of Hbpatio Lesions in Control Mice Painted with various Substances 
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endothelium None of these abnomahties were confined to any particular 
group of substances, and diffuse degenerative hepatic cell changes were 
entirely absent 

We have failed to find any metastatic lesions of hepatic ongm m any 
of our mice The biliary growth takes place by extension through lobules, 
the hepatic cell hypertrophy by the formation of nodular growths which 
press on the surrounding area 

Sarcoma Produced in Rats with 3 4 6 6-Dibenzoarbazole 

A colloidal suspension of 3 4 6 0 dibenzcarbazole was made in the same 
way as that used for 1 2 6 6 dibenzanthracene (Boyland 1932) The 
colloidal solution contained 0 06 % of the dibenzcarbazole Ten rats were 
injected auh cutem twice weekly with 2 ml of this colloidal solution One 
rat died after 28 days and another after 80 days with no obvious lesions 



Fig 4 — Rats injected sub cutem with 3 4 5 6 dibenzcarbazole in colloidal suspension 
S = Spindle celled tumour 

After 116 days six of the rats were found to have nodules at the site of 
injection After 164 days’ treatment five of the rats which had large 
tumours were killed The tumours were all spindle celled One of them was 
grafted into ten rats and grew in three of these One of the tumours was 
grafted into a second generation and one out of ten grew and has reached 
the fifth generation The production of tumours in these rats is shown m 
fag 4 and a microphotograph of the tumour which was grafted into other 
rats 18 shown in fig lfi|, Plate 22 All the sarcomata in rats were produced 
withm 1 96 days , the hver and other organs were not markedly abnormal 
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DisctrsaioN 

Of the compounds which have been tested 3 4 6 6 dibenzcarbazole is 
undoubtedly the most active It differs from oarcmogemc hydrocarbons 
m being slightly soluble in water and m being much more toxic to mice 
The greater activity of 3 4 6 6 dibenzcarbazole as compared with 12 6 6 
dibenzcarbazole is closely parallel to the greater activity of 3 4 6 6 dibenz 
acridine as compared with 1 2 5 6 dibenzacridme found by Barry and others 
(1935) It IS noteworthy that 1 27 8 dibenzcarbazole is much less active 
While this work has been m progress Schurch and Winterstem (1935) have 
reported that 1 2 bonzcarbazole is possibly carcmogemc but it is evidently 
much less active than the 3 4 6 6 dibenzcarbazole 

Nishiyama (1935) reported hypertrophic changes in the mouse liver and 
Sasaki and Yoshida (193 5) have observed similar lesions in rats after feeding 
with a diet contammg 0 aminoazotoluene It seems clear from their report 
that the sequence and appearance of the lesions in their ex|)eriment8 on 
mice were in some ways similar to what we have observed with 3 4 6 6 
dibenzcarbazole Both the dosage and time interval have however been 
very much less with the latter substance For example we have found 
well marked bile duct hypertrophy in the mouse after admmistenng an 
estimated dosage of 0 8 mg of 3 4 6 6 dibenzcarbazole to the skin while 
according to Nishiyama at least 27 mg of o aminoazotoluene must bo 
given by mouth for the same effect Similar comparative doses required 
for the development of nodular hepatic cell proliferation of the hepatoma 
t3rpe would be 6 2 and 360 mg respectively While the primary proliferation 
produced in mice by 3 4 6 6 dibenzcarbazole is m the bile duct cells the 
mam change induced by 0 ammoazotolueno as described by Sasaki and 
Yoshida (1935) is in the hepatic cells Strong and !smith( 1936) have described 
the occurrence of spontaneous benign hepatoma in the CBA pure strain 
of mice 3 4 5 6 Dibenzcarbazole differs from other known carcinogenic 
agents in producing hepatoma in addition to epitheliomata and sarcomata 
An epithelioma and hepatoma can be produced m the same animal 

We wish to express our thanks to Mrs Kennaway for her carotul post 
mortem exammations of all the experimental mice described in this paper 
It was due entirely to her observations that the presence of hepatic lesions 
in this senes of mice was first discovered We are indebted to Dr Max Hofer 
and Dr A Winterstem of Hoffmann La Roche Chemical Works Ltd of 
Basle for preparmg the dibenzcarbazoles used In these exponments We 
are mdebted to the British Empire Cancer Campaign for a grant which 
has assisted this mvestigation 
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IT, 

SUXBCABT 

ouX‘ and /J'/?-Dinaphthylaiiunes have shown no carcinogenic activity when 
tested in the usual way by painting on mice. 3 4'5 6-Dibenzcarbazole and 
l*2'0;6-dibenzcarbazole produced mahgnant changes in the akin of mice 
in 180 and 250 days respectively, 1:2 7 8-Dibenzcarbazo]e produced only 
one papilloma and one epithelioma in twenty nuce after 600 days’ treatment 
Among the mice pamted with 3 4 S- 6-dibenzoarbazole, 80 % of those which 
survived over a month have shown h^rpertrophic biliary changes, ranging 
from a simple localized increase in the number of ducts m the portal areas, 
to diffuse growth of metaplastic biliary tissue throughout the lobules. Most 
of the mice surviving over 200 days have shown nodules of altered hepatic 
cells resembling hepatoma. It is estimated that these changes can occur 
after the administration of about 0*8 mg. (for bile duct hypertrophy) and 
6 mg. (for hepatoma) of the substance. No metastases fr^m the hver lesions 
have been seen. 
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Description of Plates 
Plate 10 

Flos. 5, 0, 7 — 3:4.6 0-Dibenzoarbazole Mouse pidnted for 230 days. 

Fio 5 — Mouse showing epithelioma and nodular liver 
Fio. 0 — Epithelioma, x 1 10. 

Fiq 7 — ^Metastasis of epithehoma in left axilla, x 05. Thu animal showed marked 
biliary and hepatio oell hypertrophy 
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ft— ItS S 6 DibensoturboBOlA Ifotiae |lftmted fbr SOT daya Spindle celled epiths 
boma at nte of painting The bver showed only slight fatty infiltration and 
penvasoular aooumulation of leucocytes x 400 

PlO 0 — 8 4 fi 6 Dibenzoarbazole Liver of mouse painted for 46 days Increased bile 
duct growth and capillary endothelium throughout the lobule and great varia 
tion m size of hepatic cell nuclei In one place are dilated bihary ducts with 
cuboidal epithelium x 110 

Fio 10 — 3 4 6 6 Dibenzoarbazole Mouse painted for 62 days Early localized 
biliary hypertrophy x 370 

Fio 11 — 3 4 6 6 Dibenzoarbazole Mouse pamted for 00 days Looahzed bihary 
growth, becoming more widespread than m fig 10 x 85 

Plate 21 

Fio 12 — 3 4 6 6 Dibenzoarbazole Mouse pamted for 121 days showing nodular 
appearance of hver 

Fios 13, 14 — 3 4 6 6 Dibenzoarbazole Mouse pamted for 227 days Late stage of 
bihary growth Fia 13 — Low power view of region showing many cells of 
bihary ongm x 1 10 Fio 14 — Detail of another region showing duct formation 
and mitosis (arrow) x 370 

Plate 22 

Ftos 16, 16 — 3 4 6 6 Dibenzoarbazole Mouse pamted for 234 days Fio 16 — Border 
of hepatoma nodule, showing compression of surrounding hver, which also 
shows bifiary changes x 110 Fio 16 — Detail from centre of the nodule x360 

Fio 17 — 3 4 6 6 Dibenzoarbazole Mouse pamted with 0 I % solution for 321 days 
Border of area of bile duct hyjiertrophy x 62 

Fxo 18 — Rat injected with 3 4 6 6 dibenzoarbazole Day 160 Spmd)e celled ear 
coma X 126 
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I— Introductory 

As a result of considerations which will be discussed to some extent m 
the present paper, experiments were earned out to test the effect of certain 
of the carcinogenic hydrocarbons, studied at the Research Institute of the 
Royal Cancer Hospital (Cook and others 1932, Cook 1932, Barry and 
others 1935) on the growth rate of transplantable ammal tumours The 
work was also extended to include related non-carcmogenic hydrocarbons 
and other substances A short preliminary account has already been 
published (Haddow 1935) 


II—Experimkntal 

1 — Animals— The majority of the animals used were hooded lats of the 
Lister Institute strain, since previous oxpenence had shown these to be 
particularly suitable for use with the Jensen and Walker tumours Wistar 
rats from the Glaxo laboratories proved susceptible to the Walker tumour 
and were also used on a few occasions Batches were selected in which the 
animals were in perfect condition and of reasonable umformity of weight 
(usually 100-160 g ) 

2 — Tumour strains and Technique of Implantation — The rat tumours 
studied were the Jensen sarcoma and Walker caremoma (strains supplied 
by the Impenal Cancer Research Fund), a sarcoma (LR-10) induced m the 
Research Institute of the Royal Cancer Hospital by the mjection of 
1 2 5 6-dibenzanthracene m lard (Burrows, Hieger and Kennaway 1932) 

♦ Laura de Saheeto Student, University of London 
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and subsequently mamtamed by transplantation and a rat sarcoma 
induced by 3 4 benzp3rrene for which the writer is mdebted to Dr A M 
Ham of the Institute of Genetics University of Edinburgh A few experi 
ments were also earned out with the Rous fowl sarcoma 

Rats were prepared for tumour implantation by the epilation of an area 
of skm on the nght flank Next day an active tumour of 10-14 days v, as 
exposed aseptically Thin slues were removed from the healthy periphery 
placed m sterile salme and divided into umform cubes about 2 3 mm m 
length Each rat of the fresh batch was then lightly anaesthetized with 
ether and after sterilization of the skin a paracentesis cannula contaming 
a fragment of tumour was introduced obliquely through a small mcision 
which was then closed with a Michel clip 

3 — Adminiatratton of Compounds — In the early experiments the hydro 
carbons were given in aqueous colloidal suspensions (0 03%) prepared as 
desenbed by Boyland (1932) or for higher concentrations by the use of 
sodium dispersol (supphed by Imjienal Chemical Industries Ltd ) These 
preparations were sterilized by boiling or steaming Intrapentoneal m 
jeotion was employed throughout partly to secure adequate absoriition 
and also to exclude all possibihty of action by direct contact with the 
Bubcutaiieous tumour Colloidal preparations were usually given daily 
but later it was found much more convement and at least equally satis 
factory to give the compounds in one or two doses dissolved in sesame oil 
For this purpose concentrations of 0 6 or 1 0 % were prepared m the hot 
air oven at 100® C treatment which served at once to dissolve and to 
stenhze One to five c c of solution was injected through a small epilated 
and sterilized area on the abdommal wall 

4 — General Design of hxperxmenti — In preliminary senes mdividual 
tumours served as their own controls the rate of growth being measured 
daily for some time before and after administration of the substance to be 
tested Later the growth of a number of treated tumours w as ccHjipared 
with that of tumours m control animals by companng either the daily 
measurements or the weights of the tumours after removal at the end of 
each expenment In all cases the tumours m a given test were implants 
from a smgle tumour of the previous generation and control and expen 
mental senes were comparable in such details as age and weight Control 
rats throughout received similar injections of the appropnate matenal e g 
the gelatin base used m the preparation of colloid or sterile sesame oil and 
hence were subjected to the same degree of handling and other inter 
ference as the correspondmg expenmental rats 
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The majority of the latei* experiments oonfonned to a oonunon plan. 
Injections, usually two, were given shortly after tumour implantation 
In Exjm 7, 11, 12, 14, 10, 17, 18, 19, 20, 26, 27, 20, 30, 31, 32, 33 and 34 
these injections were given withm a jienod of not more than 3 days 
following the graft. After an average penod of 3 weeks the rats were 
kiUed and their tumours removed A statistical comparison — rigorous if 
necessary — was made of the weights of tumours &om the control and 
experimental senes respectively This arrangement was preferred in most 
cases, smce the first purpose of the present work was to test a sufScient 
number of selected compounds under approximately standard conditions 
Nevertheless, some experiments were performed m which the tune of 
administration of the compound — in relation to tumour implantation — 
differed from the above 

The procedure usually included blood counts m representative animals 
at the end of the expenment and the removal of tissues (usually hver, 
kidney, spleen, suprarenal, thyroid, pituitary, bone marrow, testis or 
ovary and the tumour) for histological examination. 

A — Carc%nogentc Hydrocarbma 

Exp 1 — Jensen Sarcoma. 12 6 6-D%benzanthracme — Eight rats beanng 
healthy 10-day-old tumours were divided mto two equal groups, of which 
one received daily I c c of a 0 03 % aqueous colloidal suspension of 
1 2.6 6-dibenzanthracene m 0 6% gelatm while the controls were given 
similar injections of the gelatm solution alone The total dosage of 1 2 6 0- 
dibenzanthracene was approximately 8 mg The growmg tumours were 
measured daily with calipers and the product of the length, breadth and 
thickness in cm. taken as an mdex of tumour size, the result of the expen- 
ment bemg expressed m these terms (Table I and fig 1) 1 2 6 6-Dibenz- 
anthracene retarded the growth-rate considerably. That the result shown 
m fig 1 IS characteristic can be seen from the mdividual data for this 
expenment given m the Appendix 

Table I 

Index of mean tumour size 
Group Ist day 11th day 

Controls (4) 4 1 37 8 

Treated (4) 3 9 19 1 

Exp 2 — Jensen Sarcoma 12 5 6-J)tbenzanthracene — Ten rats were given 
four consecutive daily mjections of 1 c c 0 03 % colloidal 1 2 5 0-dibenz- 
anthracene m gelatm while a control group of mne rats received the same 
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number of injeotiona of gelatin alone Botff groups were then implanted 
with Jensen sarcoma firom a single donor and the daily injections oontmued 
A week later the tumours m both groups had taken successfully but those 
of the controls were growing faster Daily tumour measurements were 
made from the 10th day after transplantation (fig 2, which confirms the 
result of Exp. 1). The rats were killed and their tumours removed on the 
2l8t day after transplantation. Table II shows the volumes of the individual 
tumours as determined by displacement 



Fig 1 — The growth of two representative tumours (control and treated) from 
Exp. 1. Index of tumour size = product of length, breadth and thickness. 


(7 rats) 
II 

(9 rats) 


Tablb II 


Treatment 

loo colloidal 1 36 6-dibenz- 
anthracene daily 


Tumour volumes (c o ) 
after 21 days 

Individual Mean 

14 10 8 6 8 

7 5 3 

1 


Control, loo. 0 6 % gelatin 
daily 


42 40 39 S3 2 

33 33 32 

31 26 24 


Vol. CXXII— B. 
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The course of the subsequent experiments will now be described in a 
more abbreviated form, only those details being set down which cannot 
well be recorded m the tables. 

Exp 3 — Walker Garetnoma 12 6 6-DtbemarUhracene — ^Ten days after 
implantation group I received two intraperitoneal injections of 25 mg 



0 4 8 12 16 20 24 

Tim© m day»-> 


Fio, 2 — Mean tumour size (length x breadth in cm ) of control and treated 
tumours from Exp 2 

1 2 5‘6-dibenzanthraoene m sesame oil and group U similar injections of 
sesame oil alone, while group 111 was kept as an limnjeoted control. Daily 
measurements were made from the 6th day after implantation onward 
(fig. 3 and Table 111 for complete data see Appendix). 

The experiment was continued to the 67th day, by which time all but 
two of the control animals had died with extremely large tumours. Mean- 
time the treated tumours were quiescent or mcreasmg very slowly. 
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_ , ^ Index of mean tumour size 

Treatment on ^ % 

Group 10th day 10th day 24th day increase 

1 2 X 25 mg 1.2 5 6- 30 0 36 1 0 28 

(6 rate) dibenzanthraoone 

n 2 X 5 o o. sesame od 40 4 63 8 57 00 

(6 rats) 

m Nd 38 4 04 2 67 10 

(4 rats) 



Fia 3 — Mean tumour size (length x breadth m om ) of control and treated tumours 
from Exp 3 

Exp, 4 — Jensen Sarcoma 12 5 Q-Dxbenzanthracene — Two groups of 
eleven were injected dailj^ with 2 6 o.c. 0 03 % colloidal 1 2 6 6-dibenz- 
anthracene in 0-6% gelatin in one case, and in the other with the same 
quantity of gelatin treated exactly as m the preparation of colloid except 
for the addition of hydrocarbon. Three rats were kept as untreated controls. 

A week later, although all the grafts had taken successfully, the tumours 
in the rats receiving 1 2 6.6-dibenzanthracene were growing at a slower 
rate. This difference became increasingly obvioua-and the experiment was 
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terminated on the 2l8t day following implantation when the treated 
ftnimalw had each received 16 mg. The tumours were then removed and 


Tumour weight* (g ) after 21 day* 


Group 

Treatment 

r- 

Individual 



1 

2 6 c.o colloidal 1.2 6 6- 

90 

90 

83 

63 

47 

(11 rata) 

dibenzanthraoene daily 

41 

34 

34 

32 



(total 16 mg.) 

27 

1 9 

1-7 



n 

2 6 0 0 0 6 % gelatm 

30 0 

27 6 

26 0 

21 6 

171 

(11 rats) 


20 8 

19 1 

14 6 

94 




87 

7 1 

8-4 



III 

(3 rats) 

Nil 

28 0 

26 6 

14 6 


22 7 


Exp. 6 — Jensen Sarcoma 12 5 Q-Dibenzanthracene — Group I received 
daily from the day of graftmg 6*0 o c colloidal 1.2 6 0-diben2anthraoene, 
and group U the same of gelatm which had been treated with acetone as 
m the preparation of colloid. The tumours were removed on the 18th day, 
when each rat m group I had received about 30 mg. dibenzanthracene 
(Table V , rats which proved resistant to the graft axe omitted) 

Table V 


Tumour woiglit* (g ) after 18 day* 


Group 

Treatment 


Individual 


Mean 

I 

6 0 0 colloidal 1 2 6 6- 

34 

24 22 

1-7 

1 0 

(8 rats) 

dibenzonthraoene daily 
(total 30 mg ) 

1 6 

09 08 

04 


II 

6 0.0 0 6 % gelatm daily 

20 0 

16 6 

10 2 

12 0 

(6 rats) 


7 7 

7 0 




Exp. 0 — Jensen Sarcoma 1.2.6 6-Ihbenzanthracene — Two groups of 
twelve were used and treatment began on the day of grafting Tumours 
were removed after 14 days, when the experimental rats had received 
about 12 mg (Table VI) 

’ Table VI 


Tumour weights (g.) after 14 days 


Group 

Treatment 


Individual 


Mean 

I 

2 6 0.0. colloidal 1.2 6 6- 

40 

20 

20 

20 

1-7 

(9 rats) 

dibenxantbraoene daily 

1 6 

1 6 

1 0 

0-6 



(total 12 mg ) 

05 





II 

2 6 0 0. 0 6 % gelatm daily 

10 0 

10 0 

70 

60 

6-8 

(10 rats) 


60 

60 

60 

40 



20 2 0 
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Exp, 7 — Webber Carctnotm. 1-2 6 6-Dibensxmthraeene — ^Thirty rats were 
graftied and fifteen of them then received two doses of 5*0 o.c. of a 0*5% 
solution of l:2‘6:6-dibenzanthraoene in sesame oil on successive days, 
while the remainder were given the same quantity of oil alone. Table VII 
and fig. 4 show the end-result, which represents the most mtense inhibitory 
effect so far obtamed in these experiments. 

Tablb VII 

Tumour weights (g.) after 21 days 

Group Treatment Individual Mean 

I 2 X 28 mg. 1 2 fi S-dibenz- 2 2 14 13 13 1 08 

(18 rata) anthracene moil 11 11 10 10 

10 09 09 07 

07 06 06 

II 2 x 600 . sesame oil 49 6 46 6 38 0 37 5 30 90 

(18 rats) 38 7 33 2 29 7 29-7 

29 2 29 0 28 8 22 9 

20 6 17 4 16-7 



10cm 

A B 


Fiq. 4 — Exp. 7; Walker caromcma. 21 days. A, tumours from control rats mean 
weight 30 9 g B, tumours from rats treated with 80 mg. 1 2.6 6-dibenzaathraoene . 
mean weight 1 08 g. 

Exp, 8 — Botu Fowl Sarcoma 1 2.5 6-Ihbmzanthracene — ^Twenty-four 
Brown Leghorn fowls of about 600 g. were grafted in the breast muscle. 
Half of them were then given three doses of 30 mg 1 2;6:6-dibenzanthra- 
oene m oil on successive days by intramuscular ii^ection on the opposite 
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side while the rest received sesame oil alone. There was oonsidbrable 
mortality m both groups. The survivors were killed on the 18th day and 
their tumour tissue dissected out and weighed. A significant inhibition 
was produced, similar m degree to that obtained in the foregoing experi- 
ments with rat tumours (Table VIII). 

Tabub VIII 

Weight of tumour tissue (g ) 
after 18 days 

Group Treatment Individual Mean 

I 3 X 30 mg 1 2 5 6-dibenz- 14 11 10 4 3 6 6 

(7 fowls) anthraoeno in oil 2 2 

II Sesame oil alone 63 46 46 42 35 33 2 

(9 fowls) 28 22 14 13 

Exp 9 — Jensen Sarcoma 5 6-Cyclopenteno-l. 2-benzanthracene — Forty 
rats were grafted. Twenty then received daily 0 03 % colloidal 5-6-cyclo- 
penteno-1 2-benzanthraoene in 0*6% gelatm, ten received the control 
solution of gelatm alone and ten remained untreated Of group I, one died 
and two proved resistant to the graft. The rest were killed on the 18th 
day, when those m the first group had each received 16 mg. (Table IX 
and fig. 6). 

Tablb IX 

Tumour weights (g ) after 18 days 


Group 

Treatment 


Individual 


Mean 

I 

2 6 0.0 coUoidal 6 d-cyclo- 

81 

79 

64 

4 1 

4 1 

36 

(17 rate) 

penteno-1 2-benzanthra- 

40 

34 

3-3 

28 

26 



oene daily (total 15 mg ) 

24 

23 

2-8 

20 

1 7 




1 6 

04 





II 

2 6 0 0 0 8 % gelatm daily 

83-4 

29 7 

29’5 24 8 

16 9 

16 2 

(10 rate) 


16 9 

13 2 

8 9 

64 

47 


III 

Nil 

49 1 

40 4 

34 6 

34 2 

21 0 

24-9 

(10 rate) 


14 7 

14 6 

14 6 

13 4 

12 6 



Here one could compare the controls subjected to daily mjection, etc. 
with those not so handled, as regards the mean weight of the tumours in 
each group Although the mean tumour weight was higher in the latter 
group, the apphcation of the t method (Fisher 1933) showed that the 
difference was not significant, the value of P bemg (hS-O'S On the other 
hand the difference between the means of groups I and II in Table IX 
was hig^y significant (P< 0>01), as was the case for all the experiments so 
far Oesoribed (see also Table XXXVI). 
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Exp 10 — Jensen Sarcoma. 8odium-l 2‘5:6-dibenzanthracene-9 10-endo- 
ot-/3-s%ieeinate — ^Thw compound was tested m view of its special interest as 
a water-soluble oarcmogenio compound (Burrows and Cook 1936). 

Twenty-four rats were grafted and divided mto two equal groups One 
received daily the substance in partial solution m sterile water while the 
other received the solvent only. On the 18th day the treated rats had 
received about 100 mg of succinate (Table X) At autopsy, the treatment 
appeared to have produced some irritation of the peritoneum, an effect 
not observed with the compounds studied thus far. 


Table X 


Group Treatment 

I Na-1 2 0 6-dibenzanthra- 
(12 rate) cene-9 10-«n<lo-a-/9-suc- 

cinate, c 100 mg. 

II Control 
(12 rate) 



Tumour weights (g ) after 18 days 
Individual Mean 


96 72 71 66 

63 63 47 39 

39 37 29 18 


52 


36 4 31 8 29 3 27 2 
17 9 17 2 17 1 14 6 

10 0 86 83 64 


18 7 



Fio. 6 ' Fio. 6 

Fio 6 — Exp 9; Jenaen sarcoma, 18 days A, tumours from mjeoted control rate: 
mean weight 18 2 g. B, tumours from unmjected control rats* mean weight 24<9 g 
C, tumours from rats treated with 16 mg 6c6-cyclopenteno-l 2-beaxanthracene‘ 
mean weight 3 6 g 

Fig, 6 — Exp 11, Walker carcmoma, 28 days. A, tumours from control rats* mean 
weight 81 Og B, tumours from rats treated with 60 mg 3'4-benzpyrene’ mean 
'weight 2'1 g. 
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Exp. 11 — Walker Carctnoma. Si-Benzpyrene* — ^Twenty-five rats were 
grafted. Group I were then given two injections of 26 mg. 8 4-beiu:pyiene 
in sesame oil on successive days, while the rest received oil alone. Three 
treated animals died during the period of 28 days (Table XI and fig. 6). 

Tablb XI 

Tumour weights (g.) after 28 days 
Treatment Individual Mean 

2 X 26 mg. 3 4-benzpyrene 68412621 1’7 21 

m oU 1 1 0 7 0 6 0 2 

2 X 6 0 c. sesame oil 502 48 1 46 1 37 4 360 31-0 

33 1 31 3 29 6 27 6 26 4 

20 0 6 4 3 2 

Exp 12 — Walker Carcinoma S‘4 5 6-Dtbemacridtne — ^This compound 
was chosen as being related to the polycychc hydrocarbons and possessing 
moderate carcmogemcity, the effects of which are delayed as compared 
with say 1 2*5 6'dibenzanthracene (Barry and others 1935). ' 

Twenty rats were grafted m two groups of fifteen and five These were 
injected with 60 mg. 3*4 6.6-dibenzacndine m oil and oil alone respectively. 
The mean weights after 32 days (Table XII) were exammed statistically 
and the value for P found to be less than 0*01. The inhibition is thus of 
considerable significance although much less than in the case of the sub- 
stances used in previous experiments 

Tablb XII 

Group Treatment 

I 2 X 26 mg. 3 4 6 6-dibenz 
(13 rats) acndme 


II 2 X 6 0 0. sesame oil 
(6 rats) 

B — Chrysene and Certa%n Compounds of Benzanthracene Type 
The following experiments were earned out with synthetic chrysene 
and certain compounds of benzanthracene type, the carcinogenicity of 
which is weak, doubtful, or in some cases (e.g. 3-methyl- auid 7-methyl- 
1.2-benzanthraoene), ml 

* Originally termed 1.2-bsnzpyrene. See Cook and others (1936, p. 2) 


Tumour weights (g.) after 32 days 
Individual Mean 

46 6 36 7 36 4 26 3 

32 2 20 2 29 1 

27 6 26 6 26 2 

12 0 116 10-7 

75 

70 6 66-2 46 2 62*6 

41 4 26 0 
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Exp. 13 — Jensen Sarcoma. Chrysene — Fifteen rats were grafted. One 
group received colloidal chrysene daily in 0-76% gelatin and the other 
gelatin solution alone At the end of the experiment the mean weight of 
treated tumours was less than one-third that of the controls (Table XIII). 


Tabus XIII 

Tumour weights (g ) after 17 days 


Group 

Treatment 


Individual 


Mean 

I 

Colloidal chrysene (0-03 % 

60 

4 1 

40 

36 

2 64 

(8 rata) 

m 0 75% gelatm dady) 
total 30 mg. 

1 2 

12 

07 

06 


II 

0 76 % gelatm daily 

18 0 

14 3 

11 6 

46 

8 20 

(7 rats) 


36 

3 1 

23 




Exp. 14 — Walker Carcinoma Chrysene — ^Thirty rats after graftmg were 
divided into two groups which received chrysene m oil and oil alone 
respectively, in two doses on successive days. Agam chrysene produced 
considerable inhibition of the tumour growth rate (Table XIV) 

Table XIV 


Group Treatment 

I 2 X 30 mg. chrysene in oil 
(12 rats) 

n 2 X 6 c.c sesame oil 
(13 rats) 


Tumour weights (g ) after 19 days 
Individual Mean 

60 SO 46 36 2 34 

20 14 12 10 

09 07 06 06 

34 7 32 2 28 0 27 6 22 60 

26 2 26 1 23 8 23 8 

21 4 21 3 15 2 9 4 

47 


Exp 16 — Jensen Sarcoma 1 2-Benzanthracene — 1 2-benzanthracene was 
tested simultaneously with 6 6-cycfopenteno-l 2-benzanthracene (see 
Exp. 9) Of thirty rats grafted, twenty received colloidal 1 2-benzan- 
thracene daily — to a total dosage of 16 mg. — while ten received the control 
solution alone The treatment resulted in a moderate degree of inhibition 
(T.bfeXV«.dag.7). 


Tumour weights (g ) after 18 days 


Group 

Treatment 


Individual 


Mean 

I 

2 6o 0 . 1 2-benzanthracene 

21 2 

17 6 

17 0 

14 7 

11 8 

76 

(20 rats) 

daily (total 16 mg ) 

10 6 

96 

92 

6 1 

63 




4-7 

4 1 

36 

34 

33 




30 

2 1 

1 6 

1 1 

10 


n 

2*6 c c. 0 6 % gelatm daily 

33 4 29 7 

29 6 

24 8 

16 9 

18 2 

(10 rats) 


16 9 

13 2 

8» 

64 

47 
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Fio 7 — Exp 16, Jensen sarcoma, 18 days A, tiunours from injected control rats: 
mean weight 18 2 g B, tumours from unmjeoted control rats mean weight 24 0 g. 
C, tumours from rats treated with 16 mg 1 2-benzanthretcene mean weight 7 6 g 

Exp 16 — Walker Carctnorm 1 2-Bemanihracene — Twelve of twenty- 
four rats were given 1 2-ben2anthracene m sesame oil and the rest oil 
alone, m two daily doses immediately after implantation (Table XVI) 

Table XVI 

Tumour weights (g ) after 21 days 

Group Treatment Individual Mean 

I 2 X 30 mg 1 2-benzanthra- 63 60 40 22 26 

(8 rats) cene moil 16140706 

II 2x 6 c.o sesame oil 26 4 22 6 21 1 20 4 16 7 

(12 rats) 18 6 17 0 16 2 16 7 

14 6 13 0 111 60 

Exp 17 — Walker Carcinoma. d-Methyl~l 2-benzanthracene — 3-Methyl- 
1 .2-benzantliraoene was given to fifteen rats in two doses on the days 
immediately after implantation. The substance was tested simultaneously 
with 3 4.5.6-dibenzacndme (Exp 12), with ooxomon controls. Thirteen 
treated animals bore tumours at the end of the experiment (Table XVII) 

Exp. IS — Walker Carcinoma i-Methyl-l 2-benzanthracene. T-Methyl-1.2- 
benzanthracene — On the 2 days following implantation, three groups of 
^^n rats were injected with 4-methyl-l 2-benzanthracene, 7-methyl-l;2- 
^mmzanthracene and control oil respectively (Table XVIII). 
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Tumour weights (g.) after 32 dajrs 


Group 

Treatment 

Individual 


Mean 

I 

2 X 25 mg. S-methyI-1 2- 

14 5 14 5 

11 1 

10-7 

7 7 

(13 rats) 

benzanthracene in oil 

88 7 1 

65 

66 




57 5 1 

27 

40 

30 


II 

2 X 6 0 0 sesame oil 

79 6 66 2 

46 2 

41 4 

52 6 

(6 rats) 


260 





Table XVIII 






Tumour weights (g ) after 16 days 

Group 

Treatment 

Individual 


Mean 

I 

2 X 25 mg. 4-methyl- 1 2- 

33 2 1 

1 2 

1 2 

1 3 

(10 rats) 

benzanthracene in oil 

10 10 
09 07 

10 

06 


II 

2 X 25 mg 7-methyl-l 2- 

30 28 

2 5 

1 3 

1 4 

(12 rats) 

benzanthracene m oil 

11 11 

1 1 

09 




09 01 

07 

06 


ni 

2 X 5 c 0 sesame oil 

16 2 12 7 

10 5 

9 7 

86 

(14 rats) 


86 83 

8 1 

7 8 




72 70 

60 

46 



40 

Exp. 19 — Walker Carcinoma e-Meihyl-\ 2 -benzanthracene — Two groups 
of twelve implanted rats were given 6-methyl- 1 2-benzanthracene m oil, 
and oil alone, respectively (Table XIX). 

Table XIX 


Tmnour weights (g ) after 30 days 


Group 

Treatment 


Individual 


j Mean 

I 

2 X 25 mg 0-methyl-l-2- 

63 

46 

43 

40 ^ ' 

. 30 

(10 rats) 

bonzanthracene m oil 

3-4 

26 

22 

1 6 



14 

06 




II 

2 X 6 0 0 sesame oij 

Q2 9 

43 4 

32 4 

30 0 

32 9 

(8 rats) 


28 7 

28 7 

26 8 

19 8 



C — Related Oestrogenic Compemnda 

In a study of the oestrogemc activity of condensed-nng compounds, 
Cook and others (1934) described work carried out with oxygen derivatives 
of phenanthrene and certain diols related to 1’2 6.^-dibenzanthracene. The 
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most active oestrogens in these classes were l-ketO'l'2:3.4-tetrah7dro- 
phenanthrene and the di-7i-propyl compoond respectively. The following 
experiment was performed to determine the action of these substanow on 
the growth of the Walker tumour. 

Exp 20 — Walker Carcinoma 1-Keto-l 2 3 i-tetrahydrophenanthrene. 
9 lO-Dthydroxy-9 lO-dt-n-propyl-Q 10-dthydro-l 2 6 6 -dibenzanthracene — 
Forty-five rats were implanted and used m groups of fifteen to test these 
substances with a common control. The phenanthrene derivative proved 
qmte mactive as regards growth-inhibiting power while the dibenzan- 
thracene diol showed moderate potency (Table XX and fig 8) 

Table XX 


Tumour weights (g ) after 28 days 


Group 

Treatment 


Individual 


Mean 

I 

2 X 26 mg 1 ketO'l 2 3 4- 

46 1 

42 2 

36 6 

36 0 

29 6 

(16 rata) 

tetrahydrophcnanthrene 

34 8 

34 2 

33 6 

31 8 




30 9 

29 6 

26 9 

26 4 




14 8 

13 7 

98 



II 

2 X 26 mg 9 lO-dihydroxy- 

97 

6-7 

66 

64 

4 2 

(13 rata) 

9'10-di-n-propyl-9 10 di- 

60 

39 

38 

27 



hydro'l 2 6 0-dibenzan- 

27 

27 

2 1 

09 



thracene 

09 





m 

2 X 6 c c. sesame oil 

64 7 

38 4 

87 1 

28 4 

23 6 

(16 rats) 


26 8 

23 9 

21'6 

21 6 




20 1 

19 6 

16 1 

14 6 




13 9 

97 

88 





Kkn 

A B 

Fio. 8 — Exp 20, Walker carcinoma, 28 days A, tiunoura from control rata mean 
weight 2S>6 g B, tumours from rats treated with 60 mg 9 lO-dihydroxy-0 10-di-n- 
pEopyl-O-lO-dihydro-1 2.6 6-dibenzanthraoene . mean weight 4 2 g. 
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D — N on-carcinogenic Hydrocarbons and Related Substances 
The foUowing tests were carried out with a number of non-oaromogenio 
hydrocarbons and related substances, under experimental conditions 
identical with those already desonbed. 


Exp. 21 — Jensen Sarcoma Anthracene — Of mneteen implanted rats, 
ten were treated daily with a gelatin-protected colloid of anthracene until 
each had received a total of 12 mg m fifteen mjections The rest were given 
gelatm alone. The treatment heui no inhibitory effect on the rate of tumour 
growth (Table XXI). 


Tiunour weights (g ) after 18 days 


Group 

Treatment 

' — 

Individual 

Mean 

I 

2 5 0 0 colloidal anthracene 

34 

33 

20 26 

22 8 

(7 rats) 

daily (total 12 mg ) 

10 

12 

8 


II 

2 6 c.o. 0 5 % gelatm daily 

28 

26 

26 10 

10 7 

(7 rata) 


17 

16 

e 



Exp. 22 — Jensen Sarcoma Phenanthrene — Twelve freshly implanted 
rats were treated with phenanthrene under the same conditions as for 
anthracene in the preceding expenment (Table XXII), In this case the 
colloid proved markedly unstable. 


Table XXII 

Tumour weights (g ) after 15 days 


Group 

I 

Treatment 

2 6 c.c colloidal phensm- 

21 

18 

Individual 
16 14 

14 12 

Mean 

12 0 

( 1 1 rats) 

threne daily (total 12 mg.) 

12 

12 

6 

4 

4 


II 

2 6 0 c 0 6 % gelatm daily 

10 

17 

16 

12 

10 9 

10 6 

( 1 1 rats) 


8 

7 

7 

6 

6 



Exp. 23 — Jensen Sarcoma Phenanthrene — After implantation, twelve 
rats were treated with phenanthrene as m Exp. 22 and controlled with a 
group of six As before there was no trace of an mhibitmg effect (Table 


XXIII). 

^ Table XXIII 

Tumour weights (g ) after 16 days 

Group 

Treatment 

Individual 

Mecm 

1 

(11 rats) 

2 5 c c colloidal phwan- 
threne daily 

21 10 16 16 12 10 

0 7 6 6 6 

11 5 

n 

(6 rats) 

2 6 0 c. 0 6 % gelatm daily 

10 11 10 0 0 9 

11 2 
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Exp. 24 — Jenaen Sarcoma. l’2-CyolopenUnophenanihrene — ^This test was 
made oonourrently with Exp 13, the controls being common to both. The 
treated ammals were eight in number and each received a total of 30 mg. 
in the form of colloid Far from there being any inhibition, the mean 
weight of the treated tumours was greater than that of the controls 
(Table XXIV). However, this difference proved not to be significant, the 
value of P lying between 0 2 and 0 3. 


Table XXIV 

Tumour weights (g ) after 17 days 


Qroup 

Treatment 


Individual 


Mean 

I 

Colloidal 1-2-cyclopenteno- 

24 6 

21 2 

16 6 

12 2 

12 6 

(8 rata) 

phenanthrene 0 03% m 

0 76 % gelatm daily (total 
30mg ) 

11 6 

63 

63 

22 


II 

0 76 % gelatm daily 

18 0 

14 3 

11 6 

46 

8-2 

(7 rata) 


36 

31 

23 




Exp 26 — Walker Carctnoma 1 2-Cyc\operUeruphenanthrene; deJiyiro- 
norcholene — Forty-five rats were grafted and divided into three equal 
batches Group I received 1 2-cycfcpentenophenanthrene m two mjeotions 
m oil, group II the same quantity of dehydronorcholene, while group III 
were given the equivalent of sesame oil (Table XXV). Although dehydro- 
norcholene proved completely inactive, the mean weight of the tumours 
treated with 1 2-cyclopentenophenanthrene was considerably greater than 
that of the control group, as also occurred m Exp. 24 In this case the t 
method gave a value for P between 0*1 and 0 06. 

Table XXV 


Tumour wei^te (g.) after 34 days 


Qroup 

Treatment 


Individual 


Moan 

I 

2 X 26 mg 1 2-cyc2open. 

73 0 

72 1 

69-7 

614 

68 6 

49 0 

(16 rats) 

tenophenanthrene m oil 

62 2 

606 

48 6 

48 2 

46 6 




44 2 

43-2 

406 

16 2 

11 6 


n 

2 X 26 mg. dehydronoroho- 

720 

61 7 

46 4 

446 

40 0 

36-8 

(12 rata) 

lene m oil 

38-7 

87-4 

29 4 

26 0 

16 0 



10 6 

87 





lU 

2 X 6 c 0. sesame oil 

72 4 

68 2 

61 2 

48 0 

47 0 

86 4 

(13 rats) 


446 

26-6 

28-7 

22 0 

21 4 



20 S 14 0 13 e 


Exp. 26 — Walker Carctnoma. Pyrene; fluoranthene — ^Forty-five rats 
were used to test pyrene and fluoranthene, which were administered in 
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colloidal fom by daily injection. The compounds had no influence of any 
kind on the rate of growth (Table XXVI) 

Table XXVI 

Tumour vreights (g ) after 21 days 
Individual Mean 

29 1 24 5 21 1 20 1 17 6 16 2 

17 2 16 8 IS 3 15 3 110 

10 3 99 97 96 

29 4 27 0 23 9 23 9 18 7 17 2 

169 167 164 16 1 15 2 
15 0 13 5 10 5 9 1 6 4 

30 1 23 7 22 4 19 1 18 0 15 8 

17 8 17 1 16 6 16 7 13 2 

12 0 99 86 80 47 

Exp 27 — Walker Carcinoma Pyrene — ^Thia test was earned out simul- 
taneously with Exp. 7, a group of fifteen rats serving as common controls to 
two experimental series The rats were implanted on the same occasion 
from a single donor, and the tune of injection was the same for all In 
this part of the experiment two doses of 25 mg pyrene in oil were given on 
successive days This produced no mterference with the normal rate of 
tumour growth, and the final result (Table XXVII and fig 9) presents a 
strikmg contrast to that of Exp 7 (Table VII and fig 4) 



lOcro 


A B 

Flo. 9 — ^Exp. 27 ; Walker oaroinoma, 21 days. A, tumours from control rate mean 
weight 30 9 g B, tumours from rats treated with 50 mg pyrene i mean weight 
32-0 g. 


Group Treatment 

I Colloidal pyrene (total 

(14 rats) 40 mg) 

n CoDoidal fluoranthene (total 

(16 rats) 40 mg) 

in Control gelatin 

(15 rata) 


A. Haddow and A. M. Robinson 


Table XXVII 


Group Treatment 

I 2 X 25 mg pyrene in oil 
(14 rate) 


II 2 X 5 o c sesame oil 
(16 rats) 


Tumour weighte (g.) after 21 days 


Individual Mean 

48 9 46-2 40 9 40 6 37 4 32 0 

37 0 30 3 33 4 27 4 25 2 

23 6 20 3 17 9 18 6 

49 0 46 6 38 0 37 5 35 7 SO 9 

33 2 29 7 29 7 29 2 29 0 

28-5 22 9 20 5 17 4 16 7 


Exp 28 — Rous Fowl Sarcoma. Pyrene — Concurrently with Exp. 8 
twelve fowls implanted with the Rous sarcoma were each given 90 mg. 
pyrene m oil. There was undue mortality in both experimental and control 
groups, but pyrene had no inhibitory effect (Table XXVIII) The mean 
weight of the test tumours was actually considerably greater than that of 
the controls, but the difference was without significance (P=»0-2-0-3). 

Table XXVIII 





Weight of tumour tissue (g.) 
after 18 days 

Group 

Treatment 


Individual 

Mean 

I 

(7 fowls) 

3 X 30 mg pyrene m oil 

76 

32 

62 60 46 32 

8 

45 1 

II 

(9 fowls) 

Sesame oil alone 

63 

28 

46 46 42 36 

22 14 13 

33 2 


Exp. 29 — Walker Carcinoma. TnphenyUne — Twenty -four rats were 
used in two groups The mean weight of the treated tumours at the 26th 
day was less than that of the controls (Table XXIX and fig. 10) but the 
difference was without significance (P between 0-6 and 0 4) 


Table XXIX 


Group Treatment 

I 2 X 26 mg tnphenylene m 
(10 rats) oil 

n 2 X 6 0 o sec^e oil 
(9 rats) 


Tumour weights (g ) aft<<r 26 days 


Individual Mean 

47-2 43 6 38 9 38 4 31 6 29 0 

26 0 25-5 21 0 13 0 9 6 

71 1 46 2 43 1 38 6 34 2 36 2 

30 6 22 4 20 4 10 0 


Exp. 30 — ^Tolifcer Carcinoma Dodecahydro-l'2-benzanthracene (Cook and 
Hewett 1934). Perylene — Forty-six implanted rats were used to test the 
influence of these substances m doses of 50 mg. There was no signifloant 
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difference between the mean weights of the tumours treated with dodeoa- 
hydro-1 2-benzanthraoene and their controls (Table XXX) and although 
the mean weight of the perylene-treated tumours (fig 11) was lower than 
that of the controls by several grams, the calculated value for P was O’l. 



Fio 10 


Fio 11 


Fio 10 — Exp 20 , Walker oarcmoma, 26 days. A, tumours from control rats mean 
weight 36 2 g. B, tumours from rats treated with 60 rag tnphenylene mean weight 

206g 

Fio. 11 — Exp 30, Walker oaromoma, 32 days. A, tumours from control rats mean 
weight 40 0 g. B, tumours from rats treated with 60 mg. perylene mean weight 
83 7 g 

Table XXX 


Group Treatment 

I 2 X 26 mg dodecahydro- 
(16 rats) 1 2-benzanthraoei)e 


n 2 X 26 mg. perylene m oil 
(16 rats) 


III 2 X 6 o o. sesame oil 
(16 rats) 


Tumour weights (g ) after 32 days 


63 6 
61 9 
38 6 
27 6 


20 6 
47 9 
41 7 


Individual 
68 7 64 0 62 0 

44 1 41 6 39 8 

38 0 36 8 27 6 
26 9 24 2 

62 1 60 1 47-6 

37 4 36 9 36 2 
31 9 30 9 21 7 
18 9 14 8 12 2 

47 9 43 7 42 0 
41 6 40-6 40 0 

39 6 38 6 38 1 
343 29 2 


Mean 
41 6 


voi. cxxn— B. 
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Exp. 31 — WcUktr Caretnoma l.9-Benzanthrone, diphenylene oxide — 
Thirty-six rate were used m three equal groups. Although the mean weight 
of the treated seta was lower than that of the controls (Table XXXI and 
fig. 12), no significance could be attached to the difierenoes. The range of 
weights covered by the individual data was the same m all these groups, 
and the value of P for each half of the experiment was as high as 0’2. 


Table XXXI 


Group Treatment 

I 2x26 mg. 1 0-benzan< 
(12 rats) throne m oil 


H 2 X 28 mg. diphenylens 
(Urate) oxide m oil 


III 2x6 0.0. sesame oil 
(9 rate) 


Tumour weight* (g.) after SO days 


Individual Mean 

68 8 60 6 43 8 27 3 

36 4 34 6 21 0 

17 0 15 0 10 7 

10 6 10 6 8 5 

78 3 37 6 36 2 27 3 

33 3 20 2 24 4 

16 1 16 1 13 8 

89 65 

60-9 46 2 46 2 38 2 

43 4 41 3 30 6 

20 4 ^ 29 2 8 9 



Fio. 12 — Exp. 31 ; Walker oaromoma, 30 days. A, tumours from control rate mean 
weight 38 2 g. B, tumours firom rate treated with 60 mg I 9-benzanthrone : mean 
weight 27 3 g 
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E — Expenmenta mth Tumoura of Known Causation 
The following experiments were earned out with two transplantable rat 
sarcomata of known causation The first, produced m Dr Ham’s laboratory 
by the subcutaneous mjeotion of 3 4-benzpyrene, appeared some 6 months 
after the injections and proved to be easily propagable by grafting. A 
number of experiments were earned out withm the first few generations. 
The second tumour was a sarcoma mduced m the Research Institute of 
the Royal Cancer Hospital by means of 1 2.5 6-dibenzanthracene and 
subsequently mamtained in senal transplantation for 3 years it was used 
in the present work m its 87th generation 


Exp. 32 — The Influence of 3 4-benzpyrene on the 4th Oeneratton Transplants 
of a Tumour Induced by the Same Compound — ^Thirty-two rats were im- 
planted from a healthy tumour of the 3rd generation Half of them were 
at once given 60 mg 3 4-benzpyrene m two doses m oil on successive days 
while the remamder received the control oil alone. The mean weight of the 
control tumours was just over twice that of the treated group (Table 
XXXII) This difference was significant since the value for P lay between 
0 02 .nd 0 01. T*BL2XXXn 


Group Treatment 

I 2 X 30 mg 3 4-benzpyrene 
( 14 rats) m oil 


n Control oil 
(14 rats) 


Individual 
64 7 21 6 18-7 

16 3 14 3 13 3 

12 1 10 3 8 0 

19 14 

68 2 57-3 66 0 
40 2 39 9 34 6 

26 6 21 5 19 0 
27 18 


12 7 
3 6 


62 9 33 2 

28 9 
14 8 


Tumour weights (g ) after 24 days 
Moan 
16 8 * 16 3 


Exp. 33 — The Influence o/ 1 2 6 6-dtbenzanthracene on the Qth Oeneration 
Transplants of a Tumour Induced by 3 4-benzpyrene — Thirty animals were 
implanted from a 6th generation sarcoma and half of them at once given 
50 mg. 1.2 5 O-dibenzanthraoene (Table XXXIII) 

Exp. 34 — The Influence- of Z-melhyl-\ 2-benzanthracene on the 5th 
Oeneratton Transplants of a Tumour Induced by 3 4-benzpyrene — Of twenty 
rats implanted from a healthy tumour of the 4th generation half were 
given 50 mg 3-methyl- 1 2-benzanthraoene m oil and the remamder oil 
alone (Table XXXIV). 

Exp. 36— PAe Influence o/ 1 2 5 5-d%benzanthracene on the Slth Oeneration 
Transplants of a Tumour Induced by the Same Compound — ^Thirty rats 
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tabud xxxni 




Tumour weights (g ) after 24 days 

Group 

Treatment 

Individual 

Mean 

I 

2 X 26 mg 1 2 6 6 dibenz 

18 6 12 6 6 6 6 3 

64 

(11 rats) 

anthracene m oil 

60 60 47 31 

30 22 1 7 


n 

2 X 6 0 0 sesame oil 

66 1 33 4 30 9 30 7 

23 6 

(12 rats) 


28 7 26 6 22 0 18 2 

14 1 110 6 9 4 4 



Table XXXIV 




Tumour weights (g ) after 26 days 

Group 

Treatment 

Individual 

Mean 

I 

2 X 26 mg 3 methyl 1 2 

26 4 13 5 11 6 10 7 

97 

(9 rats) 

benzanthracene 

84 8 1 46 2 1 

20 


n 

2 X 6 0 0 sesame oil 

81 8 63 0 62 2 44 7 

48 4 

(8 rats) 


40 7 37 1 34 4 23 2 



were implanted from a healthy tumour of the 86th generation of the 
LR-10 sarcoma Fifteen of these were then given daily mjections of 
colloidal 1 2 6 6 dibenzanthracene for 17 dhys durmg which time each 
received about 30 mg of the hydrocarbon The remaining animals were 
given the control material (0 6 % gelatm) alone The result was a moderate 
degree of inhibition (Table XXXV) 

Tablb XXXV 


Tumour weights (g ) after 17 days 


Group 

Treatment 


Individual 


Mean 

I 

Colloidal 1 2 6 6 dibenzan 

36 

32 

28 

25 

26 

1 9 

(14 rats) 

thraoene daily (total 

26 

2 1 

1 9 

1 6 

1 6 



30 mg ) 

09 

07 

06 

06 



II 

Ckintrol gelatm 

12 3 

11 6 

99 

88 

7 7 

6 1 

(16 rats) 


70 

62 

60 

48 

47 




41 

26 

24 

1 8 

1 6 



m — Dhoussion 
A — ReavUe 

Table XXXVI summarizes the experiments already described The ratio 
“mean weight of tumours from treated animals mean weight of control 
tumours ’’ is an mdex of the inhibiting effect, if any, produced Throughout 
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the work the usual convention PnO 06 was taken as expressing the limit 
of significance 

It IS obvious that compounds with acknowledged carcmogemc activity- 
produced inhibition of the growth of the tumours used Confirmatory 
results have recently been published by Morelh and Guastalla (1936) who 
obtamed inhibition of the Jensen and Walker tumours with 3 4 benz 
pyrene 

Secondly inhibitory power was shown usually to a somewhat less 
extent by chrysene 1 2 benzanthracene 4 methyl 1 2 benzanthracene 
6 methyl 1 2 benzanthracene 3 methyl 1 2 benzanthracene and 7 methyl 
1 2 benzanthracene substances whose carcmogemcity is either exceedmgly 
weak (as m the case of the first four named) or ml as in the last two 
Chrysene was stated by Twort and Fulton (1930) and Bottomley and 
Twort ( 1934) to possess a low order of carcmogemc power while Barry and 
Cook (1934) and Barry and others (1935) found only shght activity in 
experiments with highly purified chrysene denved from coal tar Later 
work was earned out with synthetic chrysene not open to contammation 
with constituents of tar (Cook and others 1936) The synthetic compound 
was apphed to the skm of 20 mice of which 8 hved for more than 440 days 
The last mouse died on the 863rd day beanng a large epithehal tumour 
which had appeared first on the 7 1 1th day this showed some downgrowth 
but did not reach the superficial layer of voluntary muscle No other 
mouse showed any other tumour Hence the carcmogemc power of chry 
sene is of an extremely low order In addition the subcutaneous injection 
m ten rats of solutions of chrysene m lard gave spmdle celled tumours m 
two cases The same authors state that while 1 2 benzanthracene itself 
showed little if any carcmogemcity the introduction of alkyl groups mto 
positions 6 and 6 mvanably led to activity 

Lastly the remaining non carcmogemc compounds proved quite mactive 
as regards growth mhibitmg power the mean weight of the treated tumours 
was less than that of the controls m five out of fifteen expenmepts and m 
only one of these (Exp 30 perylene) was the value for P as low as 0 1 
As has been mentioned the case of 1 2 cyck>pentenophenanthrene was of 
additional interest smee the data suggested that this compound might 
actually possess a stimulating action the differences however were not 
judged significant Aocordmg to Cook and others (1936) 1 2 eyeZopenteno 
phenanthrene apphed to the skm of mice was non carcmogemc although 
the subcutaneous mjection of a solution m lard gave a spmdle celled 
tumour — which however did not grow even m autograft — m one of ten 
rats 
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Theee results show a correlation between carcinogemoity and growth- 
inhibitory power, but this relationship is not quantitatively simple, smoe 
1 2 5 6 dibenzanthraoene proved to be more inhibitory than 3 4-benz 
pyrene, although their order of carcmogemoity is the reverse If it be 
assumed that the two properties are connected etiologically this finding 
suggests vanous possibihties such as the following (a) that carcmogemoity 
IS dependent on a certam optimal and not a maximal inhibitmg power, 
or (6), that the relation between them is quantitatively simple but is 
disturbed by other factors such as the "toxicity” of mdividual compounds 
Agam while 0 methyl 1 2 benzanthracene is the most actively inhibitory 
(Exp 19) as well as the most carcmogemo among those methyl denvatives 
of 1 2 benzanthracene which were tested the 3 methyl and 7 methyl 
compounds also showed inhibitory properties (Exps 17, 18, 34) although 
they are classed with the non caroinogemc denvatives of 1 2 benzanthra 
cene (Barry and others 1935) In any comparison between these biological 
properties it should also be borne m mind that while carcmogemoity has 
been determmed mainly m mice these experiments on growth inhibition 
have been earned out almost exclusively with rats Thus the statements 
made here about the caroinogemc or non caremogeme, character of vanous 
compounds are denved chiefly fixim experiments upon the skm of the 
mouse The accessibihty of this particular test object is m a sense accidental, 
and its response, which is that of a smgle tissue m a smgle species may not 
give a complete picture of the property m question 

Figs 1-3 show that the effect of 1 2 6 6 dibenzanthracene was to produce 
an immediate and prolonged retardation m the growth rate even when the 
substance was administered m only two mjections In addition it can be 
seen that the retardation was relatively constant m any one experiment 
It may also be noted that the control data are m agreement with the con 
elusions reached by Mayneord (1932) m the case of the Jensen sarcoma 
and Schrek (1935) for the Walker and Flexner Joblmg caremomata, that 
the unimpeded growth of these tuinours is a Imear function of the time 
over a considerable penod 

The contrast between the growth mhibitory action of substances such 
as 1 2 6 6 dibenzanthraoene and the inactivity of most of the non caromo 
genic hydrocarbons is sufficiently stnkmg but It is important to enquire 
if the action is charactenstio Pnor to this work a number of experiments 
had been earned out to determine the effect on rat tumours of vanous 
toxic agencies such as anti rat preoipitm and colohiome, and these expen 
ments provided a useful standard by which to judge the significance of 
the inhibition produced by the caremogeme hydrocarbons Interference 
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with growth in such experimenta waa obviously due to a senous poisoning 
effect on the whole animal, and it was found that no lasting inhibition could 
be produced by amounts approaching the lethal dose l^g 13 illustrates 
the influence on the growth of the Jensen sarcoma of a suitable amount of 
anti-rat serum precipitin temporary retardation was followed by rapid 
recovery This action could not be mtensified since larger doses proved 
highly toxic. In the case of colchicme some irregularity in growth rate was 



Fio. 13 — ® Mean of three tumours treated with anti-rat precipitin, □ Ckintrol 
means of three tumours m rats given heat inactivated preoipitm 

produced by moderate doses but agam it was impossible to increase or 
prolong the effect on account of the limits imposed by toxicity 
From these comparisons it appears that the prolonged retardation of 
growth rate produced by polycyclic hydrocarbons such as 1 2 6 6-dibenz- 
anthracene, 3 4-benzpyreno and 6 6-cyc/openteno-l 2 -benzanthracene 
must be r^arded, so far as present knowledge goes, as a umque type of 
response to the administration of oheimcal substances 
Certam other changes were observed m tumours subjected to the action 
of the inhibitory hydrocarbons. Thus it was often noted that treated 
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tumours were firm m consistence as compared ■with their rapidly growing 
controls Agam microscopic exammation showed some reduction m the 
proportion of dividmg cells but no gross destructive changes Dr P Ch 
KoUer kindly exammed some of the tumour matenal cytologically and 
confirmed the reduction m mitosis 

Durmg oertam experiments it was observed that the growth of the rats 
themselves was retarded Although the degree of inhibition was much 
more stnkmg m the case of the tumours it was concluded that the effect 
was in no sense specific for tumour tissue and that the latter simply shared 
m a retardation of growth affecting the body as a whole This impression 
was fully confirmed m a separate senes of experiments on the mfiuenoe of 
caroinogemo hydrocarbons on body growth (Haddow Scott and Scott 
1937) The mvestigation also demonstrated the value of the young growmg 
rat as a teat object in work of this kmd since the material permits greater 
uniformity than can be attamed with transplantable tumours even under 
the best conditions 

Apart from their action on body growth and tumour growth the caromo 
gemo hydrocarbons produced other effects which are no doubt correlated 
In some experiments it was noted that the food mtake of the treated rats 
appeared to be less than that of the controls although their general health 
and activity remained good The fertility of the treated animals was very 
defimtely lowered and m many oases the ovary showed suppression of 
ovulation and the testis a variable reduction of spermatogenesis (figs 14- 
18 Plates 23 24) In one case the admmistration of 60 mg 1 2 6 6 dibenzan 
thracene at the first appearance of the placental sign was followed by 
prolongation of the gestation period and death of the foetuses tn lUero 

Boutme histological exammation revealed no undoubtedly significant 
changes m the liver kidney spleen suprarenal thyroid or bone marrow 
The mfluence of the active substances is thus specially evident m the case 
of growmg tissues and is umque m so far as doses which produce httle 
sign of general toxicity or tissue damage may bring about a profound and 
contmued alteration in the rate of growth The phenomenon is clearly 
mdependent of toxic action m the non specific sense especially smoe 
recognized poisons such as oolchicme evoke a different type of response 
On the other hand it is equally true that the carcmogemo hydrocarbons 
tested have all shoAvn some degree of toxicity This manifested itself not 
by any immediate ill effect but rather by an mcreased susoeptibihty to 
infection which should perhaps be regarded as a secondary effect of the 
retardation of growth itself Picard and Laduron (19340 b) studied the 
toxicity of 3 4 benzpyrene m mice and found that doses of the order of 
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86 mg produced atrophic changes in the spleen thymus gland and lymph 
nodes More recently Poison (1936) has described experimental hver 
necrosis m the rabbit produced by the mtrapentoneal injection of sus 
pensions of 1 2 6 6 dibenzanthracene the results showed considerable 
vanation and were not duphcated m the case of 3 4 benzpyrene 

Aocordmg to Zondek (1936 a b) prolonged administration of large doses 
of oestrm produces considerable mhibition of body growth the sub 
cutaneous injection of 6000 m u dimenformon twice weekly m rats 4-6 
weeks old retarded growth to the extent of nearly 46% after about 
4 months The treated animals ate less food and Zondek referred to the 
possible mterpretation that the animals eat less m consequence of the long 
treatment and are therefore retarded in their growth But m Zondek s 
opimon the mtake is reduced because the animals have ceased growing and 
so require less food The growth inhibitmg effect of oestrm was produced 
by percutaneous as well os subcutaneous administration and m birds as 
well as m rodents 

Zondek also brought forward evidence that (a) prolonged administration 
of oestrm interferes with the antenor lobe of the pituitary (6) the process 
does not affect all the antenor pituitary functions equally and simul 
taneously smce atrophy of the gemtals is the first effect m the rat 
(c) elimmation of the gonadotropic hormone is followed by failure of the 
growth hormone He regarded the stunting of growth produced by 
oestnn as a pituitary dwarfism smce it could be abolished by giving an 
extract nch m growth hormone 

In the present expenments the synthetic oestrogens 1 keto 1 2 3 4 tetra 
hydrophenanthrene and 9 10 dihydroxy 9 10 di n propyl 9 10 dihydro 
1 2 6 6 dibenzanthracene behaved differently in their action on tumour 
growth the latter provmg moderately mhibitory and the former inactive 
The former substance is non carcinogenic (Barry and others 1935) and 
the latter has given no tumours as yet although the experiments are 
moomplete (Burrows unpublished) It should also be noted that the 
oestrogemc activity of the keto compound is of an altogether lower order 
than that of the di » propyl diol (Cook and others 1934) Wolfe (1936) 
studied the action of this dibenzanthracene diol on the pituitary and found 
that it prevented the changes which occur after castration and also mduced 
extreme degranulation of the basophiles and moderate degranulation of 
the eosmophiles In this comparison between the effects of carcmogenic 
and oestrogemc substances it may be noted that Cramer and Hommg 
(1936) described arrest of cell division m the mouse testis after prolonged 
treatment with oestrm while Tuchmann (1936 also Tuchmann and Demay 
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1936) obtained sunilar regreasive changes following the admmutration of 
either foUiculin or 3 4 benzpyrene in guinea pigs 

It 18 clear that at least a part of the general inhibition of growth produced 
by the carcinogenic hydrocarbons may be exphcable on the basis suggested 
by Zondek for oestrm le as an mterference with pituitary function 
Nevertheless it also seems probable on accoimt of the insolubility of the 
cancer producmg compounds that m certain circumstances their action 
must be restricted to the cells in the immediate vicimty Tumour induction 
by means of the carcmogemc hydrocarbons is essentially a local process and 
this m itself mdicates that such substances may act directly on exposed 
cells 

B — Interpretatton and Stgntficance 

These results show that the carcmogemc hydrocarbons possess unusual 
growth mhibiting properties and are not direct growth stimulatmg sub 
stances as has been assumed for instance by Needham {1936) We have 
thus a paradox in that the contmued exposure of normal cells to a strongly 
inhibitory agent may result m the appearance of a rapidly growmg mahg 
nant tumour The following h3rpothe8is is put forward to explain this 
apparent contradiction 

The available evidence pomts rather to the ongm of cancer as a result 
of a change m cells at one time normal than to any selective process The 
cancer cell must therefore be regarded as a variant of its normal prototype 
from which it differs in metabolism and in the character of growth rate 
Moreover the study of its behaviour during prolonged transplantation 
shows that the type of vanant it represents is discontinuous permanent 
and irreversible On these grounds it seemed that the ongm of cancer 
could be resolved mto one of the ongm of vanations m general and of 
discontmuous irreversible vanations m growth rate m particular 

In a study of variation in bactena it was found that certain pnnciples 
seemed to be apphcable to the phenomena of vanation m other types of 
cell Firstly the sources of vanation were found to be mainly if not entu*ely 
environmental m ongm Secondly for the purpose of mducing vanation 
m respect of a given character there appeared to be two mam require 
ments (o) a cell inherently capable of vanation m respect of that cha 
racter (6) a source of environmental mterference with the character m 
question which is freely compatible with cell viabihty and so with the 
power to vary In particular it was found that vanants characterized by 
permanently moreased growth rate were produced not by any process of 
direct growth stimulation but rather as a sequel to a long contmued penod 
of growth inhibition It was concluded that when the growth of a potentially 
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vanable orgamsm is inhibited by a proceaa which allows the majority of the 
affected cdU to survive a relatively small number may undergo an irrever 
Bible change m their metabolism such that they can then multiply even m 
an environment which makes this difficult or impossible for their parent 
cell The problem arose whether this might apply to the new cell race 
which constitutes a malignant tumour and whether the production of 
cancer might also be due to a sustamed inhibition of the affected normal 
cells leading to the emergence of a new and advantageous variant with a 
permanently increased fission rate 

It IS of mterest that X and y rays which m oertam circumstances are 
associated with the induction of tumours (e g Ludin 1934 Ross 1936) 
have growth inhibiting powers to which they owe their mam therapeutic 
apphcation This is specially significant smce recent evidence (e g Medical 
Uses of Radium M R C 1934) tends to show that the effect of such 
agencies is mhibitory under all conditions of their action low dosages and 
short non lethal exposures producmg a retardation of growth which is 
followed by recovery The association of cancer with these radiations is 
therefore unlikely to be due to direct stimulation 

If the emergence of a chemically produced tumour is a response of normal 
cells to a long contmued inhibition it will be of the greatest mterest to 
determme the reaction of the new race of tumour cells to the hydrocarbon 
which mduced their appearance Exps 32-5 give the only data at present 
available It can be seen that the sarcoma induced by 3 4 benzpyrene was 
less sensitive to the action of the same compound than was the Walker 
carcmoma although it proved moderately sensitive to inhibition by 
1 2 5 6 dibenzantbracene and 3 methyl 1 2 benzanthracene The LR-10 
sarcoma ongmally mduced by 1 2 6 6 dibenzanthracene was fairly 
sensitive to inhibition by this compound when tested m the 87th generation 
of transplantation 

We are mdebted to the International Cancer Research Founi4*^^>0” 
grants for maintenance and expenses (to A M R ) and to the British 
Empire Cancer Campaign for a grant for expenses (to A H ) Certam 
additional costs were met by a payment from the Roughhead Fund of the 
Umversity of Edmburgh We are indebted to Professor J W Cook for his 
advice m the selection of compounds and for supervismg then preparation 
We also wish to thank Professor E L Kennaway F R S , Professor T J 
Maokie and Professor A M Drennan for their mterest and help the 
Impenal Cancer Research Fund for the Jensen and Walker tumours Im 
penal Chemical Industries for the gift of samples qf pyrene fluoranthene, 
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perylene diphenylene oxide and 1 9 benzanthrone Dr P Ch Koller 
for a oytological examination of some of the tumours and Miss H H 
Smith for much help m connexion with the animals 


IV — SiTMHABY 

1 A number of carcmogenio compounds mcludmg 1 2 5 6 dibenzan 
thraoene 6 6 cyclopenteno 1 2 benzanthracene and 3 4 benzpyrene pro 
duoed a considerable inhibition m the rate of growth of the Jensen and 
Walker tumours 

2 This activity was also shown to a variable extent by chrysene and 
certain compounds of benzanthracene type the carcmogenicity of which 
18 either feeble or nil 

3 A senes of related non carcmogemc compounds showed no mhibitory 
influence when tested under the same conditions 

4 Of the synthetic oestrogens 1 keto 1 2 3 4 tetrahydrophenanthrene 
and 9 10 dihydroxy 9 10 din propyl 9 10 dihydro 1 2 6 6 dibenzanthra 
cene the latter proved to be mhibitory and the former quite mactive 

6 These and others effects are discussed m relation to the mode of 
action of tumour producing substances in general 


V — ^Appendix 

Exp 1 Jensen Sarcoma Indimdval Tumour Measurements {lengthy, 
breadth x thickness in cm ) Injections from lOfA Day after Implantation 


„ „ Dibenzanthracene colloid daily Control 

Days after _ ^ ,, • , 

implantation Bat 1 Rat 2 Bat 3 Rat 4 Bat 6 Rat 6 Bat 7 Bat 8 


10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 


4 7 42 

44 66 

69 82 

82 11 0 

119 147 

12 6 20 0 

17 2 23 0 

21 2 20 5 

19 9 22 3 

20 2 26 3 

23 2 26 0 

23 2 31 9 

26 4 29 6 

21 2 33 0 

20 6 27 9 


39 28 

61 38 

7 3 46 

93 66 

10 6 7 3 

12 7 7 3 

13 2 9 5 

13 4 10 9 

13 0 9 4 

16 6 10 6 

17 2 11 2 

16 3 12 6 

17 6 13 6 

19 7 12 9 

19 6 16 0 


7 3 3 6 

7 6 66 

14 2 8 2 

210 13 3 

27 6 17 6 

31 4 22 8 

27 0 30 0 

38 7 36 9 

46 0 36 2 

46 6 46 0 

47 8 42 6 

67 1 62 0 

90 3 66 6 

76 0 62 2 

80 6 60 2 


8 7 18 

62 22 

8 0 32 

12 7 4 8 

16 7 6 6 

21 2 86 

26 0 10 4 

28 7 12 8 

31 8 16 1 

42 2 16 6 

40 0 20 8 

Died 26 6 

— 33 2 

— 38 6 

— 43 3 



Growth Bate of Transplantable Tumours 476 

Exp 3 Individual Tumour Dtmensums {length x breadth xn cm ) 


Treatment Days after implantation 

on 10th and Rat , * 


11th days 

no 

6 

6 

7 

8 

9 

10 

11 

12 

13 

14 

16 

Nil 

1 

26 

40 

46 

64 

60 

64 

68 

72 

7 6 

80 

87 


2 

1 1 

2 1 

27 

64 

8 1 

73 

8 1 

78 

7 8 

86 

96 


3 

4 0 

49 

79 

90 

11 0 

10 8 

12 6 

13 8 

13 0 

16 6 

16 0 


4 

30 

42 

64 

66 

84 

76 

94 

10 1 

11 0 

11 2 

14 6 

600 sesame 

6 

20 

26 

39 

60 

69 

66 

73 

82 

86 

10 3 

10 6 

oil 

6 

3 8 

49 

66 

66 

86 

96 

10 4 

90 

12 7 

12 3 

12 0 


7 

2 0 

26 

34 

44 

49 

59 

60 

63 

68 

87 

10 5 


8 

38 

40 

42 

48 

66 

73 

80 

96 

7 7 

84 

79 


0 

43 

63 

69 

8 7 

10 8 

13 3 

12 7 

12 6 

16 2 

16 6 

10 2 


10 

43 

66 

81 

8 1 

13 0 

12 4 

13 9 

10 4 

13 0 

16 6 

18 0 

26mg 1266 

11 

20 

29 

36 

2 8 

39 

42 

42 

37 

3 8 

38 

39 

dibenzan 

12 

3 1 

64 

80 

99 

11 1 

12 7 

12 7 

12 4 

11 3 

10 4 

92 

thraoene 

13 

23 

33 

40 

44 

60 

64 

6 1 

64 

49 

64 

66 


14 

20 

28 

33 

66 

63 

68 

7 0 

66 

64 

65 

56 


16 

39 

67 

70 

84 

10 6 

10 6 

10 7 

10 6 

11 0 

96 

8 1 


16 

32 

42 

69 

60 

70 

76 

74 

73 

66 

7 1 

64 






Days after implantation 






16 

17 

18 

21 

23 

26 

29 

31 

36 

44 


Nil 

1 

9 7 

10 4 

112 

16 2 

216 

26 2 

36 0 

39 6 

43 0 

Died 



2 

11 1 

11 4 

12 4 

17 0 

216 

22 8 

33 2 

32 8 

33 6 

36 0 



3 

16 0 

19 0 

21 2 

24 6 

23 2 

26 6 

30 6 

27 2 

34 2 

Died 



4 

12 2 

13 9 

18 1 

24 1 

29 2 

32 0 

30 8 

36 6 

Died 



Boo sesame 

6 

11 4 

13 2 

16 7 

10 2 

26 3 

Died 






oil 

6 

14 7 

17 0 

18 3 

10 0 

26 9 

28 6 

26 0 

32 8 

31 1 

26 2 



7 

11 3 

11 2 

13 9 

17 3 

19 0 

19 7 

28 1 

30 0 

29 6 

Died 



8 

90 

92 

10 2 

14 3 

14 9 

16 6 

19 6 

17 7 

17 0 

Died 



9 

17 8 

19 9 

214 

24 3 

26 6 

30 0 

Died 






10 

16 3 

18 6 

19 6 

26 2 

32 0 

80 1 

Died 





26 mg 12 6 6 

11 

40 

40 

60 

6 1 

62 

38 

36 

36 

29 

32 


dibenzan 

12 

92 

10 2 

97 

86 

98 

96 

94 

90 

96 

84 

Died 

thraoene 

13 

66 

66 

60 

74 

7 7 

67 

60 

66 

88 

8 2 



14 

66 

67 

49 

66 

67 

61 

63 

74 

8 1 

10 6 



16 

94 

97 

97 

90 

86 

8 8 

82 

96 

10 6 

90 



16 

60 

69 

66 

64 

80 

7 2 

7 8 

84 

78 

10 1 
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The Influence of Certain Carcinogenic and Other 
Hydrocarbons on Body Growth in the Rat 

By a Haddow,* C M Scott and J D Scott 

From the, Departments of Bacteriology and Pharmacology, 
University of Edinburgh 

(Communtcated by E L Kennavjay, FBS — Received 1 December 1936) 

I — Introductory 

In the couree of work on the mode of action of tumour-producing agents 
It was found that certain of the carcinogemc hydrocarbons studied at the 
Research Institute of the Royal Cancer Hospital (Cook and others 1932, 
Cook 1932, Barry and others 1935) possessed growth-mhibitmg properties 
(Haddow 1935, Haddow and Robmson 1937) This was demonstrated by 
recording the effect of these substances, adramistered by mtrapentoneal 
mjeotion, on the behaviour of transplantable tumours growing subcutan- 
eously m the rat During these expenments it was observed that treated 
animals appeared to grow less rapidly as compared with their controls. 
Because of this it was felt that the reduction in tumour growth rate was 
probably not a tumour-specific effect but rather the result of an inhibition 
of growth affecting the body as a whole Hence further expenments were 
earned out to determine the action of these and other substances on the 
body growth of rats 

II — Experimental 

1 — Animals — The ammals used were from an inbred colony <Sf hooded 
rats of the Lister stram, maintained under standard conditions of housing 
and feeding The diet was one of bread and milk (altematmg with biscuit 
and milk) with additions of ood-liver oil and marmite , fresh greens, whole 
oats and water were also supplied daily The room temperature was kept 
at 66-70° F. 

2 — Oeneral Design of Experiments — Rats to be used for a given expen- 
ment were obtained from several Utters (usually four but occasionally five) 

• Laura de Soliceto Student, Univorsity of London 
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bom within a space of 48-72 hr , when about 66 days of age they were 
ear marked and weighed individually each day for at least a week This 
procedure mdicated the rate of mcrease and its variation, and also enabled 
the animals to adj ust themselves to handlmg At the end of this prelimmary 
control penod they were arranged m groups, special care bemg taken to 
ensure that each of these contamed, as far as possible, an equal share from 
every htter and the same proportion of males and females The following 
data show that the groups agreed closely not only in composition and sex 
ratio but also in their imtial mean weight and rate of growth The majority 
of the expenments contamed three such balanced groups so that two 
substances might be tested simultaneously with a common control 

The rats in each set were then injected with the appropriate compound 
usually in a smgle dose but occasionally in two while the controls received 
an equal volume of the solvent alone The individual litters were recon 
stituted immediately after injection and kept in separate cages to the end 
of the experiment Individual daily weighmgs were then continued for as 
long a period as was thought to be necessary 

3 — Technique of Admtnxatratton — ^All the hydrocarbons and related 
substances were dissolved in sesame oil, m the hot am oven at about 
100° C in concentrations of 0 6 or 10% The resultant sterile solutions 
were injected mtrapentoneally Other substances {vide infra) were dis 
solved in suitable concentration m sterile water or salme and admmistered 
by the same route 

4 — Recording of Data — A complete record was kept of the mdividual 
data from day to day and graphs were also constructed to indicate the 
rate of mcrease of each group as a whole For the latter purpose it was 
found necessary to apply corrections in certam cases in respect of (a) the 
death of animals, and (6) the occurrence of pregnancy These adjustments 
were in no case senous and they are indicated where required m the tables 
which follow It should be pomted out that the ammals used were of such 
an age as to enable conclusive results to be obtained before the first preg 
nancies occurred In some expenments, however the observations were 
contmued well mto the penod of sexual matunty, and in these cases the 
data for males alone were employed 

The mean figures at certain selected penods of different expenments 
are presented m tabular form, while the individual data on which these 
are based are given m the Appendix The whole course of each experiment 
IS also shown m graphs (figs 1 11) 
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A — Hydrocarbons and Related Substances 
Exp 1 — 1 2 6 C-Dibenmnthracene , pyrene — The first experiment was 
planned to determine the action on normal growth of a oarcmogemc 
hydrocarbon (1 2 5 6 dibenzanthracene) and a non carcinogenic compound 
(pyrene) These were selected as representative of substances which had 
already been studied in the work referred to above, when 1 2 6 6 dibenz- 
anthracene proved to be inhibitory (as tested on the growth of the Jensen 
and Walker tumours) and pyrene to be quite inactive m this respect. 

Forty rats (46-48 days old) were used from four litters of 12, 11, 10 
and 8 After a prelimmary control period they were divided into three 
groups as follows Groups I and II were composed of four animals from 
each of two litters and three from each of the remammg two, while 
group III contained two animals from one litter, four from another, and 
three from each of the remaining two The groups were also adjusted so 
as to contain comparable numbers of males and females 

On the 8th day the controls each received 2 c c sterile sesame oil, those 
m the second group 10 mg 1 2 5 6 dibenzanthracene, and those m the 
remauung group 10 mg pyrene, in 2 c c oil 
Table I summarizes the position at the 43rd day, fig 1 indicates the 
respective growth rates m the three groups to the 48th day, and fig 2 
shows the relative distribution of individual weights at the Ist, 8th and 
100th days m the male animals survivmg thus far 



Mean body weight (g ) 

in 

weight 

Treatment on 

Ist 

8th 

43rd 

Ist-Sth 

8th-43rd 

Group 8th day 

day 

day 

day 

day 

day 

I 2 c c sesame oil i p 

60 4 

09 0 

133 6 

22 3 

93 4 

9<J69 

11 10 mg 1 2 S 6 dibenz 

63 8 

60 5 

97 0 

23 0 

45 8 

9 <J 6 2 anthracene in oil i p 

III lOing pyrene in oil 

66 0 

07 6 

132 7 

22 7 

96 6 

8d42 ip 


Pyrene under these conditions was totally without influence on the body 
growth, while the same dose of 1 2 6 6 di benzanthracene produced an 
immediate and prolonged retardation in the growth rate amounting to 
60 % of the normal and contmuing, with no mdication of recovery, at least 
for 16 weeks 
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In view of this result it was decided to study the influence of varying 
dosages of 1 2 5 6 dibenzanthracene 



Fio 1 — X ControJ oil, 2 oc , ® control pyrono, 10 mg in oil, 
+ 1 2 6 6 dibonzanthracene, 10 mg in oil 


£xp 2 — 1 2 6 6 Dibenzanthracene — Afterprehmmary weighing for 7 days, 
four litters of 12, 9, 7 and 7 rats were used to provide three balanced groups 
as before. Animals in one group then received two injections (separated 
by an interval of 2 days) of 16 mg 1 2 6 6-dibenzanthracene m 3 c c sesame 
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oJ those in the second received similar mjections of oil alone while the 
third group remamed an entirely untreated control 
Fig 3 shows the course of events to the 26th day and Table II the data 
for the male animals to the 38th day 


Treatment on 

Group 8th and 11th days 

I Control untreated 

5<J 

II Control oil 2 x 3 c c 

6 ^ ip 

III 1 2 6 0 dibenzanthra 

6 J cene 2x18 mg i p 

Although the inhibitory effect was not mcreased m simple proportion 
to the increase in dose of hydrocarbon the result clearly conJirms the first 
experiment and shows that the mjection of sesame oil alone was quite 
without mfluence on the normal rate of growth 

£zp 3 (part I ) — 1 2 6 6 Ihbenzanthracene — Two of three groups made up 
from three litters of 9 8 6 and 6 animals were used to determme the 
inhibitory effect of 90 mg 1 2 6 6 dibenaanthracene After prehmmary 
weighings the rats received two mtrapentoneal mjeotions (at an mterval 
of 3 days) of 4 5 c c of a 1 % solution of 1 2 6 6 dibenzanthracene in sesame 
oil Fig 4 shows the extent of the inhibition and its duration to the 40th 
day In this case the maximal effect was delayed as compared with the 
previous experiments and it was felt that this was due to irregular 
absorption a 1 % preparation of the hydrocarbon was employed m order 
that suflBcient might be contamed in a volume suitable for mjection and 
as some crystallization occurred at least a part of the dose must have been 
relatively mert for some tune after administration Table III gives the 



Tablk III 


Treatment on 

Group 8th and 11th days 

I Control oil 2 x 4 6 c c 
2c?75 ip 

II 1 2 5 6 dibenzanthra 
3^6? oene 90 mg i p 


Mean body weight (g ) 

Ist 8th 26th 

day day day 

64 0 76 0 107 1 



Percentage increase 
in weight 

l8t-8th 8th-26th 

day day 

18 7 40 0 

17 9 8 8 


77 0 
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data for the 1st, 8th and 26th days of this experiment, while fig 6 mdicates 
the highly significant change in the random array order of mdividual 
weights which took place as a result of the treatment 

Exp 4 — 1 2 6 6 Dibenmyvthracene — When the inhibiting effect of 1 2 6 6- 
dibenzanthracene on body growth had been demonstrated for doses of 
10, 30 and 90 mg , an expenment was earned out to test the influence of 
3 mg under the same conditions Twenty eight rats were used and fig 6 
shows the course of the expenment dunng a month It will be seen that 
there is an undoubtedly significant result Table IV gives the details for 

Table IV 

Mean body weight (g ) 

Treatment on let 8th 34th 

Group 8th day day day day 

I Control oil 68 3 74 3 116 5 

7cJ 

II 1 2 6 8 dibenzanthra 59 8 77 3 113 0 

7 J cene, 3 mg in oil 

the male animals at the 1st, 8th and 34th days, and it seems that this 
effect, although much less than in the previous experiments, is probably 
of the same type, i e an alteration m the rate of growth 

Exp 5 — I 2 6 Q Dihemacridine , chrysene — Thirty animals from five 
litters of 8 7,7,4 and 4 were used, in adjusted groups of ten, to compare 
a hydrocarbon of doubtful carcinogenicity (synthetic chrysene) with a 
moderately carcinogemc substance (1 2 6 6 dibenzacridme) These were 
given in a smgle dose of 30 mg in 1 % solution in oil Fig 7 shows the 
results up to the 38th day It is clear (a) that chrysene led to a significant 
departure from the normal growth curve, and (6) that 1 2 6 6 dibenz 
aendme produced a considerable alteration in growth rate In the latter 
case this change was preceded by a fall m weight in the 36 hr followmg 
mjection On this account the percentage increase m weight after treat 
ment (see Table V) was calculated from the 13th day and not from the 
date of injection as in previous experiments The figures also show that 
chrysene m this dosage probably produced no lasting alteration m the 
growth rate 

Exp 6 — Dodecahydro 1 2 benzanthracene , fluoranthene — This expenment 
was designed to test the action on body growth of two non-caremogeme 
compounds, which had been shown by previous work to be devoid of 


Percentage mcroase 
m weight 

Ist 8th 8th-34th 
day day 

27 6 67 0 

29 1 46 2 
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Treatment on 

l8t 

8th 

13th 

30th 

IsVsth 

13th-36th 

Group 

8th day 

day 

day 

day 

day 

day 

day 

I 

4d 6$ 

Control oil, 

3cc 

76 2 

90 7 

100 1 

126 3 

19 03 

26 17 

n 

4d 6? 

30 mg ohry 
Bene m 3 o c 

76 3 

62 0 

9«2 

121 0 

20 05 

28 04 

Ill 

4<J 6 V 

30 mg 1 2 fi 6 
dibenzacndme 
m 3cc 

76 3 

88 7 

86 3 

92 7 

(corrected 
to allow for 
2 deaths) 

16 25 

7 41 



r/MC /M DAYS 

iia 8— X Control (3 c c oil) + dodecahydro 1 2 benzanthracene, 30 mg , 
® fluoranthene, 30 mg 


inhibiting influence on the growth of the Walker carcinoma The substances, 
dodecahydro 1 2 benzanthracene and fluoranthene, were given m a dose 
of 30 mg to two groups (fig 8, Table VI) The rats were denved from four 
litters of 9, 8, 6 and 4 anunals Under the conditions stated, the compounds 
employed had no effect of any kind on the normal course of body growth 
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Table VI 

Mean body weight (g ) 

Percentage increase 
m weight 

Treatment on 

1st 

8th 

24th 

Ist—Sth 

8th 24th 

8th day 

day 

day 

day 

day 

day 

3 c c oil 

68 1 

80 1 

108 5 

17 6 

36 6 

30 mg dodecahydro 

1 2 benzanthracene 
1% 

70 7 

84 4 

1167 

10 2 

37 1 

30 mg fluoranthene 

70 1 

82 1 

113 4 

17 1 

38 1 


Exp 7 — 1 2 5 6 Dxbenzanthracene 1 2 5 6 dibenzacrtdtne 3 4 benzpyrene 
— Exp 7 served to compare two substances already dealt with (12 6 6 
dibenzanthracene and 1 2 6 6 dibenzacndine) with each other and with 
another carcinogemc hydrocarbon (3 4 benzpyrene) previously shown to 
have an inhibitory influence on the growth of transplanted tumours in the 
rat 

Animals from litters of 11 10 10 and 5 were divided to give four strictly 
comparable groups as before after prelimmary weighmgs these received 
injections of control oil 10 mg 1 2 6 6 dibenzanthracene 10 mg 12 6 6 
dibenzacndme or 10 mg 3 4 benzpyrene (fig 9 and Table VII) It will be 


Treatment on 
Group 8th day 
I 2 c 0 sesame 
4 (J 6 ? oil 1 p 


n 10 mg 1 2 66 
4 <J 6 ? dibenzacndme 
m oil 

III 10 mg 12 6 6 
4 d 6 2 dibenzanthra 
oene m oil 


IV 10 mg 3 4 benz 
4 d 6 ? pyrene in oil 


Table VII 

Mean body weight (g ) 


1 0 th 
81 8 


30th 

lay 


Percentage morease 
m weight 

Ist 8th 10th-30th 
day day 


(1 annual 
onutted on 
accoimt of 
pregnancy) 
97 4 
(1 sick 
animal 
omitted) 
102 0 
(1 sick 
ammal 
omitted 
1 death) 
106 3 
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seen (a) that 1 2 5 6 dibenzanthracene produced an effect almost identical 
with that obtamed in Exp 1 , (6) that the response to 1 2 6 6 dibenzacn- 
dme was of the same type as m Exp 6, i e an initial fall m weight sue 
ceeded by resumption of growth at an altered rate, and (c) that while 



Fio 9 — X Control (2 0 c c oil), + 1 2 6 6 dibenzacridine 10 mg 
A 1 2 6 6 dibonzanthracene, 10 mg ,@34 benzpyrene, 10 mg 


3 4 benzpyrene produced the same initial effect as 1 2 6 6 dibenzacndme, 
the subsequent mhibition of growth was less than in the case of 1 2 5 6 
dibenzacndme or 1 2 6 6 dibenzanthracene 


B — MtsceUaneoua Agencies 

The results already desenbed seemed to confirm the ongmal impres 
Sion that the caremogeme compounds employed possessed an inhibitory 
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influence on body growth m the rat which depended upon a prolonged 
reduction in growth rate At this stage it seemed desirable to carry out 
further experiments to test and compare the effect of certam miscellaneous 
agencies likely to interfere with normal growth 

Exp 3 {part 11) — X radtatton — In Exp 3 {vtde supra) a group of ten 
animals was used to test the action of a suitable exposure to X radiation 
On the 8th day these received a dose of 450 r through a screen of 0 01 mm 
alummium the radiation used was very soft the equivalent wave length 
being about 0 4 A This produced an immediate interference with growth 
which reached its maximum about a week later recovery then com 
menced and was complete within three weeks from the exposure (fig 4, 
Table VIII) 

Table VIII 

Pmintagft increase 

Mean bcaly weight (g ) m weight 



lieatmcnt on 

1st 

8th 

14th 

1st 8th 

8th 14th 

Group 

8th day 

day 

day 

day 

da> 

day 

I 

Control 

64 0 

70 0 

80 4 

18 7 

17 6 

11 

3J7 S 

X irradiation (460 r) 

83 7 

76 1 

82 1 

19 5 

7 9 


Exp 8 — Lead Nitrate — Twenty six animals from four litters were 
arranged in two groups In this case the preliminary weighings were con 
tmued to the 15th day Each rat then received an intrapentoneal in 
jection of 4 mg load nitrate in water while the others received a corre 
sjxmding volume of the solvent alone (fig 10) The administration of lead 
produced an immediate retardation whnh was soon followed by resumed 
growth at a rate identical with that of the controls (Table IX) 




Table IX 

Mean bodj weight (g ) 

Ptrcenfcag 9 mcrease 
in wi ight 


Treatment on 

1st 

16th 

18th 

34th 

l8t-16th 

13th 34th 

Group 

16th day 

day 

day 

day 

day 

day 

day 

7<J6^ 

4 mg leaxl 
nitrate 

66 7 

84 5 

86 3 

112 6 

48 9 

31 8 

II 

6<J 7 ? 

Control 

56 7 

86 7 

92 3 

121 8 

62 7 

32 0 


Exp 9 {part 1) — Colchictne — Four fitters of 10, 9 8 and 6 ammals served 
to give tfiree comparable groups, and two of these were used to test the 
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action of colchicine After control weighing for 12 days, the experimental 
animals received 0 03 mg oolohiome in saline mtrapentoneally and those 
of the control series an equal volume of sahne alone The result (fig 11) 



was a slight but probably significant drop in weight followed by immediate 
recovery 

A second mjection was then given of twice the imtial dose. This in turn 
produced an undoubtedly significant retardation followed by slow recovery 
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over a penod of 6-6 days. When this seemed complete a third dose of 
0" 12 mg. was administered and controlled m the usual way. In this amount 
the alkaloid proved mamfestly toxic and led to a considerable fall m 



® colchicine I, 0 03 mg , II, 0 08 mg , III, 0 12 mg 

weight (fig, 11) Withm 3 days, however, growth was resumed and there- 
after proceeded, to the end of the experiment on the 37th day, at approxi- 
mately the same rate as that of the controls (Table X). 

Exp. 9 (part II) — Phenobarbthme — A thinl group was mcluded in Exp. 9 
in order to determme the influence on growth of phenobarbitone, using the 
same controls. Three successive mjections were given of 6 0, 7'5 and 10 0 mg , 
dissolved m saline, on the same dates as the injections of colchicine m 
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Treatment on 
Group 22nd day 
I 0 fi c c saline 
6d 5$ ip 


II 0 12 mg col 
6 J 6 $ chiome i p 


65 7 


64 3 


Table X 


Mean body weight (g ) 


Percentage mcrease 
in weight 


22nd 
day 
106 4 


103 3 


26th 36th l8t-22nd 25th 36th 
day day day day 

nil 130 6 61 9 17 6 

(1 animal 
omitted 
on account 
of pregnancy) 

101 6 121 7 60 7 19 8 

(3 animals dead) 


part I of the experiment (above) Although these doses were sufficient to 
produce inco ordination and anaesthesia it is clear from fig 11 and 
Table XI that they had at least no mhibitory influence on growth 




Table XI 






Percentage 



Mean body weight (g ) 

mcrease 





m weight 

Group 

Treatment 

1st day 

38th daj 

lst-3eth day 

1 

Salme control 

66 7 

1306 

98 7 

6,^ 3 S 



(1 animal omitted on 





account of pregnancy) 


II 

Phenobarbitc ne 

64 8 

136 7 

110 9 

0^6 

(soo text) 


(2 aniinals omitted on 





account of pregnancy) 



III — Discussion 
A — The Carnnogenic Compounds 

The above results (Exps 1 2 3 4 6 7) show that the administration to 
young rats of certain carcmogemc substances (1 2 6 6 dibenzanthracene 
1 2 5 6 dibenzacndme J 4 benzpyrene) produced a profound alteration m 
growth rate From figs 1 3 4 6 7 and 9 it is also apparent that this 
response occurred at once and that the degree of inhibition was approxi 
mately constant to the end of the period of observation The change 
foUowmg a smgle injection was extremely prolonged if not permanent and 
no recovery was observed in any of the experiments described It may be 
convement at this pomt to discuss the phenomenon m greater detad as 
regards its nature and persistence 
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An important question is the relationship of the inhibitory response to 
toxic actum Experience gained m the present work has shown that, while 
the carcinogemo substances employed possess definite toxicity, this is of 
a special type In the first place, healthy animals may tolerate relatively 
large doses without immediate ill effect — ^although an mitial drop in weight 
may occur in certain cases — and the organs of such animals need show no 
gross or microscopic evidence of damage On the other hand spermato 
genesis and ovulation may be diminished (Haddow and Robinson 1937) and 
clear evidence was obtained in the present work of a considerable lowermg 
of both male and female fertility after administration of 1 2 'i 6 dibenzan 
thraoeno Again, the impression has been formed that these carcmogenic 
substances may prove indirei tly harmful by lowering the bodily resistance 
to any existing source of mfoction it is of interest that a pulmonary 
infection was the apparent cause of death in every animal —control or 
treated — which died in the course of these experiments An indic atioii of 
the number of deaths can be gamed Irom Table XIII m the Apjiendix 
mortality was considerably higher in animals receivmg carcmogenic sub 
stances (iiarticularly 12 5 6 ebbenzaendme), but m many cases death 
occurred only after a fair jieriod following injection 

bmee then direct toxic action appears slight m relation to dose it seems 
that the growth inhibitory properties of the carcinogenic hydrocarbons, 
while not necessarily sjiecific, are clearly not dofiendent in a non specific 
sense on mere toxicity alone This (onolusion is further supported by the 
fact that acknowledged poisons such as lead and colchicme produce an 
entirely different typo of effect 

Considerable interest also attaches to the means by which the alteration 
in growth rate is prolonged, say foi several months, following a single 
injection The simplest jiossibihties are (a) that such substances aitmg on 
dividmg colls produce a change of growth rate which persists after the 
agent itself has been removed or (6) that the effect is due to the contmuous 
action of the substance itself or of a denvative The data available can be 
readily summanzed, although at present they are msufficient to yield an 
answer to this important question 

Chalmers (1934) determmed the quantity of 1 2 6 6 dibenzanthraoene 
remaining m the breast muscle of fowls at short intervals after local 
injection of the hydrocarbon (1-6 mg ) dissolved in chicken fat or egg yolk 
fat The substance disappeared rapidly from the site of mjeotion, deoroaamg 
to less than one tenth of the ongmal quantity within a few days Chalmers 
and Peacock (1936) found that 3 4 benzpyrene and 1 2 6 6 dibenzan 
tbraoene were elimmated fixira chick embryo withm a few days of the 
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mtramusoular injection in fatty solution of fractions of a milligram of 
these substances Mmute quantities of the former oomiwund were also 
removed withm a few hours of the mtravenous injection of colloidal pre 
parations m both chick embryos and mice Berenblum and Kendal (1936) 
estimated the concentration of 1 2 5 6 dibenzanthracene at different tunes 
after the mtrapentoneal mjection of 2 mg m mice The greater part dis 
appeared withm 3 weeks and the loss was more complete when the 
substance was mjected dissolved m lard than when it was given as a 
colloidal solution m water 

The mode of action of these substances is certainly complex Peacock 
(1936) stated that during the elimmation of 3 4 benzpyrene from the 
blood of fowls rabbits and guinea pigs the bile showed fluorescence due 
not to benzjjyrene itself but to a denvative or derivatives Agam the unne 
of rabbits which had received colloidal benzpyrene dibenzanthracene or 
anthracene mtravenously was found to contain an ether soluble fluores 
cent substance not normally present this mdicated that some water 
soluble product might be reabsorbed from the gut and excreted by the 
kidney 

In the course of the present woik Dr I Hieger kmdiy exammed several 
ammals from Exps 1 2 and 4 It was found that rate which had received 
30 mg of 1 2 6 6 dibenzanthracene m oil retamed some of the hydrocarbon 
after 40 days On the other hand ammals which had been mjected with 
doses of 10 and 3 mg showed no evidence of the presence of 1 2 5 6 dibenz 
anthracene after 105 and 37 days respectively 1 e at a time when the 
inhibitory effect m these experiments was still mamtamed The sensitivity 
of the method of assaymg of the hydrocarbon is at present under mvesti 
gation buch results are suggestive although further work is obviously 
required 


B Comparison with other Substances and Agencies 
1 — RelcUed Non Carcinogenic Compounds — In contrast to the above 
mentioned carcmogemc substances it is clear that the related non carcino 
genic compounds studied were qmte mactive When taken together these 
results mdicate a certam parallelism m substances of this class between 
carcmogenicity and the power to bring about a long continued alteration 
m the rate of growth In this respect the case of synthetic chrysene is of 
special mterest as that of a substance m which carcmogenicity is doubtful 
or low and inhibiting potency correspondingly weak it can be seen from 
Exp 6 that 30 mg chrysene gave a response rather less than that produced 
by only 3 mg 1 2 6 6 dibenzanthracene 
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On the other hand although the caromogenic activity of 3 4 benzpyrene 
18 much greater than that of 1 2 6 b dibenzanthracene which m turn is 
more potent than 1 2 6 6 dibenzacndine (Barry and others 1935) Bxp 7 
shows that the inhibitory power of these substances is m the reverse order 
This would suggest if carcinogenicity and inhibiting power are intimately 
connected that the former is dependent on an optimal degree of inlnbition 
of growth rather than a maximal other possible factors being equal It 
should also be borne m mmd however that the carcmogemcity of such 
substances has mostly been studied in mice the inhibitory influence ex 
clusively m rats 

The growing rat adequately controlled apjiears to be an excellent test 
object for the estimation of mhibitory power The degree of accuracy 
attamable is shown by comparing two identical experiments carried out 
at an interval of about 6 months whereas m Exp 1 (after admmistration 
of 10 rag 1 2 6 6 diben/anthracene) the ratio growth rate of treated 
ammals growth rate of controls was as 468 934 1 e 0 49 the same ratio 
for the control and dibenzanthracene ammals m Exp 7 was 208 476 1 e 
0 44 In this paper it is not proposed to discuss further the etiological 
connexion which may possibly exist between carcmogemcity on the one 
hand and inhibitory power on the other (see Haddow and Robinson 1937) 

2 — Toxic Agencies — Exp 3 (part II ) was included m order to study the 
retardation of growth produced by a single measured exposure to X 
radiation The growth rate was temporarily lowered but soon recovered 
after passing through two periods during which it was successively normal 
and then greater than normal No experiments have yet been earned out 
in this work to depress the growth rate oontuiuously by suitably spaced 
exposures 

Lead nitrate was investigated as an example of a heavy metal having 
toxic properties which often manifest themselves by producing mter 
ference with growth The substance was of additional interest as one which 
IS excreted i datively slowly The dose given (approxunatcly 50 mg /kg ) 
was selected as hkely to produce a detectable response without seiious 
poisoning and corresponded to about one hfth of the amount found by 
Buck and Kuinro (1930) to produce death after mtraperitoneal adimiu 
stration It has already been noted that the treatment merely resulted m 
a temporary setback and was entirely devoid of any lasting influence on 
the rate of growth which became normal within a few days 

It was thought desirable to investigate the influence of the alkaloid 
colchicme as a substance possessing not only general toxicity but also 
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special activity as a mitotio poiBon The work of Lits (1934) Dustin (1934) 
Brues and Cohen (1936) and Ludford (1936) has shown beyond all doubt 
that colchicine produces an arrest of cell division in metaphase which 
persists for several hours after administration This phenomenon — the 
basis of the so called caryoclastic crisis — occurs both tn vtvo and m intro 
and IS most obvious in tissues m which the mitosis rate is normally high 
such as the glands of Lieberkuhn (Dustm 1934) the regenerating rat liver 
(Brues 1936) and various transplantable animal tumours 

The smallest amount employed m the present study (Exp 9 part I) 
corresponded closely to the minimum effective dose (0 02 mg /1 00 g ) 
described by Brues and Cohen (1936) as the smallest dose which gave 
obvious abnormahties of mitosis m regeneratmg hver As has already been 
noted above the mterference with growth produced by this amount was 
barely signilicant When the dose was doubled a few days later however 
retardation was immediate and pronounced This in turn was succeeded by 
recovery both to the original rate of growth and the ex^iected level of 
weight The quantity of colchicme given m the third injection was identical 
with the optimal dose (0 1 mg /lOO g ) of Brues and Cohen — defined by 
these w orkers as the average amount giving a maximal number of abnormal 
mitoses — and equal to 20 jiei cent of the average lethal dose 1 he result 
was a cessation of growth lastmg only for a few days and followed by 
resumption at the normal rate It is important to note that this amount 
of colchicme caused death in three of eleven ammals withm 72 hr of 
mjection 

The second part of Exp 9 showed that the doses of phenobarbitone 
employed had certainly no inhibitory effect on growth buch negative 
evidence is of obvious interest m relation to the Bignihcance to be attributed 
to the tyjies of growth disturbance already described 

3 — Retardation of Growth Produced by Dejprnation of Vitamins and 
Protein — Osborne and Mendel (1914) m experiments m which prevention 
of growth was attained by a vaiiety of dietary methods showed that the 
capacity to grow remained unaffected Later (1915) they quoted several 
remarkable instances of this phenomenon some of w hich are collected m 
lable XII 

111 this paper Osborne and Mendel wrote It should be noted m con 
nexion with the foregoing individuals that their curve of growth after the 
penod of suppression was as a rule comparable with that of a growing 
rat of the same size and sex I he usual rate of body mcremeut was not 
diminished but if anythmg was sometimes somewhat accelerated durmg 
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Table XII (aptee Osbokne aiid Mendel 1915) — Capacity ok Albino 
Rats to Grow at a very late Aoe after Suppression of Growth 


BY Dietary Means 

Growth roHumod at 


Ago Bodj weight 

Rat (days) (g ) 

1 662 170 

2 637 108 

3 612 68 

4 470 167 

6 401 104 


Final maximum 
body weight 
(g) 

204 

187 

222 

228 

269 


the resumption of the growth function ” In a later paper (1916) they 
clearly recognized that growth following this tyjie of repression often 
proceeded at an enormously exaggerated rate Thus a female rat, on re 
feeding after mamtenance for some time without growth at a weight of 
about 100 g , gamed 112 g in 26 days Agam, another showed a gam of 
160 g in 36 days at a size which normally required more than 200 days 
for the same growth accomplishment 

More recently Clemmescn (1933) retarded the growth of young rats by 
feeding them on a diet deficient in vitaniin B The treatment began at 
4 weeks of age and extended for vanous periods up to 78 weeks Tliere 
was considerable mortality, but the survivors had apparently preserved 
their capacity for normal growth upon adequate refeedmg, so that ultimately 
the body weight of the controls was equalled 

Guastalla and Rigoletti (1935) similarly retarded the growth of rats 
by underfeeding them from 46 to 110 days of age Agam there was high 
moitahty, but the survivors upon subsequent refeedmg grew rapidly and 
overtook the controls after 8 or 9 months 

Jackson (1936) carried out extensive experiments on recovery m rats 
upon refeedmg after prolonged suppression of growth by dietary deficiency 
of protein After being weaned at 3 weeks of age (when they weighed about 
50 g ) albino rats were maintained at nearly constant body weight for 
15 weeks on a protein deficient diet On being re fed with the normal stock 
cLet the survivmg animals grew at first ev en more rapidly than the standard 
for corresponding body weight at about 9 months of age tho female test 
rats had overtaken the normal controls, although the males still tended to 
lag somewhat behind 

C ! — General Principles 

The above experiments exemplify various fundamental responses which 
it IS advantageous to describe and to classify m terms of rate of growth 
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Fig. 12, which 18 confined to reactiom described or discussed in the present 
paper, is a partJy schematic representation along these lines. It would 



appear that increasing doses of certain substances, of which colchicme is a 
good example, produce in turn (a) no apparent response (after suitably small 
dosage) , (6) a tnphasic response (after medium doses) m which the growth 
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rate successively falls below the normal level oom^iensates by rising above 
the normal and finally subsides to bnng about total recovery and (c) a di 
phasic response (after larger doses) m which the growth rate is first d^epressed 
and then returns to normal without a iienod of increase above that level 

The outstandmg feature in the experiments with X radiation lead or 
colchicine is the uniform tendency to recovery to the original growth rate 
after a single application or exposure even in cases where the'latter 
resulted in signs or symptoms of general toxicity On the other hand the 
response to a single mjection of the carcinogenic hydrocarbons employed 
presents a stnkmg difference In the case of 1 2 5 6 dibenzanthracene the 
reaction is strictly monophasic taking the form of an abrupt fall in grow th 
rate to a level which remains constant for long periods at least The signifi 
cance of this result is of course further increased by contrast with the 
inactivity of the non carcmogemc compounds tested under the same con 
ditiona 1 2 5 6 dibenzacndine is of additional interest as appeanng to 
jiossess greater inherent toxicity (as compared with 1 2 5 0 dibenzan 
thracene) so that the change in growth rate immediately after admmi 
stration is complicated by a supenraposed fall from which recovery soon 
takes place to the new subnormal level 

For comparative purposes fig 12 also indicates (a) the fall in growth rate 
produced by contmued deprivation of protem or vitamin and (6) the rapid 
recovery — with or without comiiensation — which follows the complete 
restoration of these substances to the diet 

We are mdebted to the British Empire Cancer Campaign and to the 
Medical Research Council for expenses grants (to A H and CMS 
respectively) It is also a pleasure to record our thanks to Professor J W 
Cook who supplied the samples of 1 2 6 6 dibenzacndine chrysene and 
dodecahydro 1 2 benzanthracene to Professor A J Clark F R S for his 
interest in the work and to Dr I Rieger loi his help m determming the 
rate of disappearance of 1 2 6 6 dibenzanthracene 


IV — Summary 

1 The carcinogenic compounds 1 2 6 6 dibenzanthracene I 2 6 6 di 
benzacndine and 3 4 benzpyrene produced an immediate constant and 
long continued reduction in the rate of growth of young rats 

2 The non carcmogemc substances pyrene fluoranthene and dode 
cahydro 1 2 benzanthracene did not show this mhibitory influence on 
growth when tested under the same conditions 
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3 Several agencies (X radiation, lead and colchicine) were found to 
produce a temporary mterference which was followed by recovery to the 
normal growth rate with or without compensation Phenobarbitone 
(luminal) had no inhibitory action of any kmd 

4 These effects are compared and their significance discussed 


V — Appendix 

The followmg tables show the mean and mdividual weights (m g ) of 
animals at various periods of the foregoing experiments, mcludmg always 
the first day (start of prelimmary weighings), the day on which the mjection 
or other treatment was given, and another day later m the expenment 



Dose 

Table XIII 

Withm 

No of 20 days of 

Deaths 

Within 

40 days of 

Within 

60 days of 

Treatment 

(mg ) 

animals 

injection 

injection 

mjoction 

1 2 6 6 dibenz 

3 

13 

0 

— 

— 

anthracene 

10 

13 

0 

0 

3 


(Exp 1) 

10 

9 

1 

2 



(Exp 7) 

30 

12 

0 

0 



90 

9 

0 

4 

7 

1 2 6 6 dibtnz 

10 

9 

0 

1 

_ 

acridine 

30 

10 

1 

6 

— 

3 4 benzpyrene 

10 

10 

0 

0 

— 

Chrysene 

30 

10 

0 

1 

— 

Control 

0 

115 

0 

3 

4 


Table XIII shows the deaths in animals treated with 1 2 6 6 dibenzan 
thraoene, 1 2 5 6 dibenzacndine, 3 4 benzpyrene and chrysene, and their 
controls 

Exp 1 {male antmals only) 


Treatment on 8th day Rat no 
Control oil 1 

2 

3 

4 

5 

6 
,7 

8 

9 


Ist day 8th day 100th day 
67 66 220 

66 73 210 

64 64 200 

60 62 266 

78 91 266 

46 64 170 

64 71 220 

60 68 198 

71 93 260 


Mean 67 3 70 2 222 0 
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Exp 1 (male animals only ) — continued 

Treatment on 8th day Rat no 1st day 8th day lOOth day 
10 mg I 2 6 6 10 07 73 136 

dibenzanthracone 11 56 60 120 

12 46 63 138 

13 62 64 133 

14 60 02 166 

16 60 60 178 

16 66 84 180 

Mean 63 5 67 4 150 1 

10 mg pyrene 17 68 72 208 

18 48 56 166 

19 48 68 260 

20 66 84 266 

21 64 78 280 

22 61 62 196 

23 46 68 192 

24 60 80 220 

Mean 65 1 68 6 218 1 


Exp 2 (male animals only) 

Treatment on 7th day Rat no let day 7th day 38th day 

Control untreated 1 43 64 97 

2 66 68 110 

3 64 64 110 

4 77 92 166 

6 72 86 137 

Mean 60 4 72 8 121 8 

Control oil 6 79 97 160 

7 60 62 106 

8 81 101 166 

9 71 86 141 

10 60 76 142 

11 72 79 128 

Mean 68 8 83 1 137 1 

30 mg 1 2 6 6 12 47 61 108 

dibenzsmthracene 13 73 93 118 

14 56 61 78 

15 80 03 123 

16 73 86 116 


Mean 65 6 


78 8 


108 6 
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Exp 3 

Treatment on 8th day Rat no Ist day 8th day 14th day 26th day 
Control oil 1 68 71 86 102 

2 68 81 95 119 

3 69 72 83 103 

4 81 91 108 127 

6 70 80 96 114 

6 63 77 87 105 

7 66 78 91 108 

8 49 67 71 84 

9 63 76 89 102 

Mean 64 0 76 9 89 4 107 1 

90ing 1 2 6 6 10 61 69 — 81 

dibenzanthraoene 1 1 66 63 — 63 

12 73 87 — 99 

13 76 89 — 95 

14 02 76 — 79 

15 64 76 — 78 

16 64 79 91 

17 72 83 — 97 

18 62 71 — 71 

Mean 66 3 77 0 — 83 8 

X irradiation 19 66 66 73 — 

(460 r) 20 60 70 81 — 

21 80 106 114 — 

22 62 69 62 — 

23 82 94 99 — 

24 67 84 90 — 

26 71 88 92 — 

26 63 68 64 — 

27 73 86 92 — 

28 44 62 64 — 

Mean 63 7 76 1 82 1 — 


Exp 4 {mah ammala only) 

Treatment on 8th daj Rat no Ist day 8th day 34th day 
Control oil 1 66 82 133 

2 40 48 80 

3 76 94 130 

4 64 74 119 

6 66 89 164 

6 66 84 123 

7 42 49 77 

74 3 116 6 


Mean 58 3 
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Exp 4 {male antmala only ) — continued 


Treatment on 8th day Rat no 

lat day 8th day 

34th day 

3mg 1 2S6 

8 


66 

67 

96 

dibenzanthraoene 

9 


73 

97 

146 


10 


69 

97 

126 


11 


67 

74 

116 


12 


64 

67 

103 


13 


62 

83 

122 


14 


48 

66 

86 



Mean 

1 69 8 

77 3 

113 0 



Exp 

6 



Treatment on 8th day Rat n< 

) Ist day 

8th day 

I3th day 

30th day 

Control oil 1 


90 

109 

126 

166 

2 


87 

106 

116 

141 

3 

113 

126 

131 

144 

4 


93 

104 

113 

133 

6 


06 

80 

87 

97 

6 


59 

71 

81 

104 

7 


63 

66 

76 

102 

8 


71 

82 

95 

138 

9 


62 

70 

83 

106 

10 


69 

87 

96 

132 


Mean 

76 2 

90 7 

100 1 

126 3 

30 mg chrjseno 11 


80 

96 

97 

128 

12 


73 

84 

87 

103 

13 


94 

117 

124 

167 

14 


73 

83 

83 

102 

!’> 


96 

113 

117 

138 

16 


60 

71 

71 

77 

17 


78 

98 

104 

144 

18 


62 

78 

83 

104 

19 


90 

107 

no 

149 

20 


68 

73 

76 

107 


Mean 

76 3 

92 0 

96 2 

121 9 

30 mg 1 2 6 6 21 


67 

72 

66 

57 

dibenzaondinc 22 


98 

112 

112 

131 

23 


80 

86 

69 

t 

24 


104 

120 

124 

t 

26 


81 

99 

100 

109 

26 


70 

82 

81 

77 

27 


60 

74 

73 

99 

28 


66 

77 

77 

86 

29 


67 

79 

77 

99 

30 


71 

88 

86 

84 


Mean 

L 76 3 

88 7 

86 3 

92 7 
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Exp. 6 

Treatment on 8th day Rat no lat day 8th day 24th day 

Control oil 1 71 86 111 

2 39 42 63 

3 68 72 98 

4 62 72 100 

6 68 79 107 

6 81 91 t 

7 60 66 91 

8 82 96 131 

6 88 110 140 

10 87 101 146 

Mean 69 4 81 2 108 6 

30 mg dodecahydro- 11 78 93 126 

1 2-benzanthracene 12 73 86 121 

13 66 72 96 

14 74 89 123 

16 67 82 118 

16 78 82 104 

17 76 91 128 

18 66 80 110 

Mean 70 7 84 4 115 7 

30 mg fluoranthene 19 68 73 106 

20 76 94 126 

21 70 81 113 

22 79 93 134 

23 67 66 89 

24 69 66 105 

26 76 97 120 

26 72 90 124 

27 74 80 106 

Mean 70 1 82 1 113 4 


Exp. 7 

Treatment on 8th day Rat no let day 8th day 10th day 30th day 
Control oil 1 74 93 99 141 

2 80 96 101 Pregnant 

3 66 86 92 147 

4 66 67 61 96 

6 76 88 90 149 

6 60 73 75 112 

7 61 76 71 107 

8 63 62 63 94 

9 67 84 84 120 

80 1 81 8 120 7 


Mean 66 7 
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Exp 

7 — continued 



Treatment on 8th day 

Bat no let day 

8th day 

10th day 30th day 

10 mg 12 6 6 

10 

83 

no 

106 

153 

dibenzaoridme 

11 

68 

86 

83 

103 


12 

64 

76 

72 

66 


13 

64 

76 

69 

93 


14 

66 

61 

69 

Sick 


15 

60 

72 

66 

83 


16 

68 

79 

81 

113 


17 

60 

60 

59 

66 


18 

68 

86 

82 

103 


Mean 

64 6 

78 1 

75 2 

97 4 

10 mg 12 6 6 

19 

70 

75 

77 

92 

ch benzanthracene 

20 

81 

113 

114 

149 


21 

63 

78 

75 

80 


22 

66 

67 

68 

Sick 


23 

68 

73 

60 

87 


24 

64 

78 

78 

73 


26 

60 

60 

69 

t 


26 

86 

107 

111 

122 


Mean 

67 0 

81 3 

81 3 

102 0 

10 mg 3 4 benz 

27 

77 

100 

99 

130 

pyrene 

28 

82 

102 

99 

138 


29 

74 

90 

94 

129 


30 

63 

76 

73 

87 


31 

68 

74 

73 

91 


32 

66 

76 

73 

103 


33 

61 

73 

69 

101 


34 

67 

65 

63 

88 


36 

59 

68 

62 

84 


36 

66 

77 

76 

102 


Mean 

66 9 

80 7 

78 1 

105 3 



Exp 8 




Treatment on 16th day Rat no 

let day 

16th day 

18th day 

34th day 

Control 

1 

67 

87 

90 

110 


2 

63 

88 

92 

122 


3 

45 

65 

56 

72 


4 

48 

66 

69 

89 


5 

66 

80 

82 

116 


6 

47 

70 

74 

95 


7 

66 

82 

88 

117 


8 

62 

95 

101 

124 


9 

59 

91 

95 

125 


10 

66 

90 

98 

143 


11 

69 

102 

112 

147 


12 

61 

114 

127 

106 


13 

62 

107 

117 

158 


Mean 66 7 

86 7 

02 3 

121 8 
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Exp 8 — continued 



Treatment on 16th day Rat no 

let day 

15th day 

18th day 

34th day 

4 mg lead nitrate 14 

41 

66 

67 

60 

16 

60 

81 

80 

102 

16 

78 

106 

106 

134 

17 

48 

66 

64 

86 

18 

60 

80 

78 

106 

10 

43 

60 

62 

84 

20 

44 

64 

66 

90 

21 

60 

00 

87 

103 

22 

66 

03 

100 

136 

23 

68 

113 

111 

162 

24 

68 

07 

08 

128 

26 

66 

04 

00 

133 

26 

60 

103 

101 

142 

Meem 66 7 

84 5 

85 3 

112 6 




Exp. 9 




Treatment on 22nd day 

Rat no 

1st day 

22nd day 

26th day 

36th day 

Control 

1 

67 

93 

101 

127 


2 

89 

146 

162 

154 


3 

74 

127 

134 

Pregnant 


4 

61 

80 

82 

107 


6 

64 

103 

110 

133 


6 

47 

66 

69 

81 


7 

67 

108 

112 

127 


8 

50 

80 

84 

111 


9 

67 

124 

129 

162 


10 

87 

145 

147 

162 


11 

70 

101 

102 

142 


Mean 66 7 

106 4 

111 1 

130 6 

0 12 mg colchiome 

12 

74 

126 

126 

161 


13 

70 

137 

126 

119 


14 

62 

74 

t 

t 


15 

60 

86 

69 

100 


16 

66 

113 

t 

t 


17 

61 

91 

t 

t 


18 

46 

74 

72 

89 


19 

70 

109 

106 

130 


20 

77 

121 

118 

142 


21 

66 

110 

118 

138 


22 

69 

97 

80 

106 


Mean 64 3 

103 3 

101 6 

121 7 
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Treatment on 22nd day Rat n 

lO let day 

22nd day 

25th day 

36th day 

10 mg phenobEurbitone 23 

78 

— 

— 

162 

24 

69 

— 

— 

Pregnant 

25 

46 

— 

— 

114 

26 

57 

— 

— 

122 

27 

53 

— 

— 

129 

28 

70 


— 

Pregnant 

29 

68 

— 

— 

143 

30 

65 

— 

— 

115 

31 

73 

— 

— 

149 

32 

64 

— 

— 

137 

33 

80 

— 

— 

159 

Moan 64 8 

— 

— 

136 7 
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